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Ultrasonic measurement techniques have provided a nondestructive method for
determining the elastic properties of a material. Recently, these techniques
have found increased application in the testing of paper and paperboard. It is
generally assumed that these materials behave as homogeneous, orthotropic solids.
For layered composites, this assumption is not valid.
A layered orthotropic theory was developed to predict ultrasonic wave
behavior in layered composites. To test this theory, a number of two and three
layer handsheets were produced. Ultrasonic and mechanical tests were performed
on all of the composite sheets and individual layers.
It was found that the layered orthotropic theory accurately predicts the
ultrasonic behavior of these composites. The in-plane and out-of-plane elastic
constants for the composites could be calculated from the elastic constants of
the individual layers. The mechanical measurements could also be related to the




The objective of this thesis is to better understand the properties of
layered composite orthotropic materials. Layered composite materials are used
in everything from automotive and aircraft parts to the brown paper bag found in
the local supermarket. Although such materials are quite common, the knowledge
about their properties is far from complete.
Just as the use of composite materials has increased, so has the use of
ultrasonic measuring techniques. Ultrasonic methods for locating flaws in homo-
geneous materials have been available for many years. 1 Recently, ultrasonic
methods have been developed which will measure the elastic properties of hetero-
geneous materials such as paper and paperboard.2- 1 0
One advantage of ultrasonic measurement techniques is that they are non-
destructive. Unlike mechanical tests which either degrade or destroy a test
specimen, any number of ultrasonic tests can be performed on the same specimen
without degradation. Since ultrasonic measurements are nondestructive, they
also lend themselves to process control applications.9 This possibility has
recently attracted a great deal of interest from the paper industry.
For the ultrasonic measurement techniques to be most useful they must be
able to deal with layered composite materials. For simplicity these materials
have generally been treated as though they were homogeneous. Mann,2 however,
found this assumption did not yield consistent results for layered linerboard
samples. He discovered this inconsistency while investigating plate wave
velocities in these linerboard samples.
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In materials such as paper, a specific kind of harmonic vibration known as
a plate wave propagates. These plate waves are dispersive, which means that the
velocity at which they propagate in a sheet depends upon the wave's frequency.
If a plot of velocity versus frequency is made for the various types of plate
waves which can propagate in a given sample, a variety of curves are obtained
which are known as dispersion curves. Mann2 observed that the dispersion curves
for layered composites cannot be accurately described using single layer models.
Since composite materials make up a large portion of the products in the paper
industry, it would be beneficial to describe the dispersive behavior of these
layered composites.
The purpose of this thesis is to investigate the ultrasonic behavior of
layered composite paper materials. There are two primary objectives:
1. To characterize layered composite systems. One would like to
understand how the mechanical properties of the individual layers
affect the mechanical properties of the composite. Mechanical
properties of interest include both the three dimensional
elastic properties and conventional strength tests.
2. To develop and test a layered orthotropic model. One would like
to develop a model which would predict the dispersive behavior
of plate waves in layered composites. The predictions of this
model should then be compared with experimental data.
The experimental portion of this thesis was designed to meet these objec-
tives. A number of layered paperboard sheets were produced using the Formette
Dynamique sheet former. The layers in these composites possessed different
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densities, anisotropies, and elastic properties. Ultrasonic and mechanical
measurements were conducted on all of the composites and on each of the indi-
vidual layers. The plate wave behavior was also experimentally obtained for all
of the composites.
The theoretical portion of this thesis involves developing models which
would predict the plate wave behavior of the layered composite papers. Two ana-
lytical models were developed by expanding the techniques used by Mann 2 and
Shepard. ll These new models were capable of predicting the behavior of both two
and three layer composites.
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BACKGROUND
ULTRASONIC MEASUREMENT OF ELASTIC CONSTANTS
Although ultrasonic measurement techniques have found a number of different
applications, our discussion will concentrate primarily upon the ultrasonic
methods used for measuring the elastic properties of a material. The elastic
properties determine the speed at which a specific type of ultrasonic wave will
propagate through the material. The determination of elastic properties, there-
fore, involves measuring the velocities of these ultrasonic waves as they propa-
gate.
Paper and paperboard are generally assumed to behave as orthotropic
materials. Orthotropic materials have three principal axes; the properties of
thematerial being different along each of the axes. By definition, the three
principal axes are orthogonal and lie perpendicular to the planes of symmetry in
the material. The three principal axes in paper are commonly referred to as
machine direction, cross direction, and the Z direction. Occasionally, these
three axes are also designated as X, Y, and Z or as 1, 2, and 3. Figure 1 shows
the convention used to relate these different types of notation for paper
materials.
ZD, Z, 3
Fi e 1o nD X, t
Figure 1. Coordinates for the principal directions of paper.
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Consider a cube of material with sides aligned with an orthogonal coor-
dinate system. Three independent stresses may occur at each of the surfaces of
the cube. We will assume that the cube is in both translational and rotational
equilibrium, and is therefore not undergoing any kind of acceleration. The
second order stress tensor for the cube is shown below in Fig. 2.
( °Y 2 C normal stresses
1 1 12 13 r ,r r2
Cr Cr cr 11 22 33
21 22 23
shear stresses
31 32 33 (y y y
12 21 13 31 23 32
Figure 2. Stress tensor.
Since stress is a second order tensor, it has a double subscript. The
first subscript refers to the direction of the normal to the surface on which
the stress is acting. The second subscript refers to the direction in which the
stress is acting.
It might first appear that 18 different stresses act upon the surfaces of
the cube; six surfaces with three stresses acting on each surface. However,
since the cube is in both translational and rotational equilibrium, the normal
stresses on opposing sides of the cube must be equal in magnitude and opposite
in direction. Several of the shear stresses must also have the same values;
such that Oij = oji. Therefore, only six independent stresses are needed to
describe the stress state of a body in equilibrium.
Writing these stresses in terms of double subscripts can prove a bit
tedious. It is a common practice to instead write the six independent values





04 = 023 = 032
05 = 013 = 031
a6 = 012 = 021 (1)
These six stresses will of course induce strains within the cube of material.
The strains are generally defined in terms of a displacement vector u(x,y,z).
The displacement vector describes the change in location of a point in a stressed
sample relative to the location of the same point in an unstressed sample. In
terms of the displacement vector, the definitions for the six independent
strains are:
el = ell = 3ux/ax
e2 = 622 = 3uy/ay
e3 = e33 = 3uz/az
e4 = e23 = e32 = (aux/ay + auy/ax)
e 5 = el3 = e3l = (aux/3z + 3uz/3x)
e6 = el2 = e21 = (auy/az + auz/ay) (2)
The elastic properties of any material can be characterized by the elastic
constants relating stresses and strains. This characterization is often made in
terms of the engineering constants of Young's moduli, Poisson ratios and shear
moduli. This characterization can also be done in terms of the elastic stiff-
nesses or compliances of the material. As we will see, for ultrasonic measure-
ments it is most convenient to characterize a material in terms of its elastic
stiffnesses.
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The stiffness tensor (C) defines the stresses in the material as functions
of the strains. In matrix form this can be expressed as:
(a) C ( )(e) (3)
The compliance tensor (S) is the inverse of the stiffness tensor and de-
fines the strains as functions of the stresses.
(e) = (S)(a) (4)
Instead of the cumbersome four subscripted tensor form Cijkl, the two
subscripted stiffness matrix form Cij is employed. The number of nonzero terms
in the stiffness matrix depends on the type of material being described. For
example, the stiffness matrix for an isotropic material will contain only three
different elastic constants. However, for orthotropic materials, such as paper,
the stiffness matrix is composed of nine elastic constants. The expanded form
of the stiffness matrix is shown below: (One should note that Cij = Cji.)
01 Cll C12 C13 0 0 el
02 C2 1 C2 2 C2 3 0 0 0 2
a3 C3 1 C32 C3 3 0 0 0 e3
a4 0 0 0 C4 4 0 0 e4
05 0 0 0 C5 5 0 e5
06 0 0 0 0 0 C66 e6(5)
The elastic stiffnesses Cll, C2 2, and C3 3 are the stiffnesses which relate
the normal strains el, e2, and e3 to the normal stresses. These constants are
close approximations to the three Young's moduli. Young's modulus is defined as
the ratio of normal stress to normal strain when all other stresses are equal to
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zero, while Cll, C2 2, and C33 are defined as the ratio of normal stress to nor-
mal strain when all other strains are equal to zero. Although this difference
is small, one should note that these stiffness values are not equal to the
corresponding Young's moduli. For example:
O1
C = - with e2+6 = 0 (6)
while E = with = (7)
while E, =-with 02+6 =0 (7)el
The exact relationships





E3 3 = S33 =- 33
ClC 22C 33 +
for Young's moduli in term of
2 C12C13C23 - Cl1C23
C22C33 - C 23
CllC22C33 + 2 C1 2C1 3C23 - CllC23
CllC33 - C23
Cl1C22C33 + 2 C12C13C2 CC 23 3
C1 1 C2 2 - C1 2
stiffness values is
-2 2
- C2 2 C1 3 - C3 3 C 12
2 2
- C22C13 - C33C12
- 2213 - 332
- C22C 13 - C33C12
The other diagonal elements of the stiffness matrix are the shear constants
C4 4, C5 5, and C6 6. These stiffnesses relate the shear strains to the shear











= s = C5 5 (12)
G66 = = C6 6 (13)
The remaining off-diagonal elements of the stiffness matrix are the C12,
C13 , and C2 3 values. These values are most closely related to Poisson ratios.
The exact relationships for the Poisson ratios in terms of the stiffness values
are given in Eq. (14)-(19).
S12 C1 2 C3 3 - C13C23 (14)V2 1 = - -- -- - 9(14)
21_11 C22C33 - C23
S13 C1 3 C2 2 - C1 2 C2 3 (
V31 =- 2(15)11 C22C33 - C2 3
S23 C23C11 C12C13V32 ° - -s - = -- - -- --- 2- (16)S22 C1 C3 3 - C3
S12 - C12 C 3 - C13
v12 = - = 2 - C132(17)
8 22 C11C33 - C13
13 3C22 - C12C23 (18)
1-33 C1 C2 2 - C12
S23 C2 3 C1 1 - C1 2C13V2 3 -- -sT, = -- -- -- 2" - (19)
= S3 3 C1 1lC 2 2 - C1 2
If paper is an orthotropic material, its elastic properties can be charac-
terized by nine elastic constants. Ultrasonic methods for obtaining these nine
orthotropic elastic stiffnesses have been developed by Mann, et al.4 These
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methods involve measuring the velocities of ultrasonic waves propagating through
the material in particular directions. Equations (20)-(28) give the elastic
stiffnesses in terms of these particular velocities.
C1 1 = eVLX (20)
C22 = CVY (21)
C33 = eVLz (22)
2
C4 4 = EVSYZ (23)
C55 = eVSXZ (24)
-.2
C6 6 = eVSX Y (25)
C13 = (C33 (Cll - eVsox))
1/ 2 (26)
C23 = (C33 (C22 - eVSOy))1
/ 2 (27)
C1 2 = ((2 £V~(45
0) -2 (C11+C22 ) - C6 6 )
2 - ((Cll-C 2 2)/2)2)1/
2-C6 6 (28)
where
VLX = velocity of a bulk longitudinal wave traveling in the X direction
VLY = velocity of a bulk longitudinal wave traveling in the Y direction
VLZ = velocity of a bulk longitudinal wave traveling in the Z direction
VSXZ = velocity of an X displacement shear wave traveling in the Z direction
VSYZ = velocity of an Y displacement shear wave traveling in the Z direction
VSXY = velocity of an X displacement shear wave traveling in the Y direction
VSox = velocity of a low frequency plate wave traveling in the X direction
VSOY = velocity of a low frequency plate wave traveling in the Y direction
VS45 = velocity of a bulk shear wave traveling at 45° to the X and Y
directions
and p = apparent density of the material
-15-
These three velocities allowed the determination of the three Z direction ortho-
tropic elastic constants C33, C4 4 , and C55.
Since Mann treated paper as a three dimensional orthotropic material, his
intent was to determine all nine of the orthotropic elastic constants. He
determined the four in-plane ultrasonic constants using a modified Morgan test
device. Two additional orthotropic elastic constants were still needed. These
were the constants C13 and C23.
From Eq. (26)-(27) we see that to obtain the constants C13 and C23, the low
frequency plate wave velocities VSOX and VSOy must be measured. Plate waves are
particular mechanical vibrations which can propagate in thin materials such as
paper. Unlike the bulk waves which travel at a velocity which is independent of
frequency, plate wave velocities exhibit a frequency dependence known as disper-
sion. Although the next chapter will deal with plate waves in greater depth, it
is important to realize that bulk waves and plate waves are two different types
of mechanical vibration.
The velocities actually obtained from Morgan type instruments are not the
true bulk longitudinal wave velocities, VLX and VLy, but rather are the low
frequency plate wave velocities, VSo x and VSOy. Although for most uses the
differences between the bulk wave and low frequency plate wave velocities are
insignificant, the values for the elastic constants C13 and C23 are determined
by the differences in these two types of velocities. A method was therefore
needed to obtain the bulk in-plane ultrasonic velocities.
Mann2 obtained these bulk in-plane velocities by measuring the velocity of
a longitudinal bulk wave propagating through a stack of sheets. By supplying
these bulk velocities into Eq. (26) and (27) he was able to calculate reasonable
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Some of the first investigations using ultrasonic measurement in paper were
conducted by Craver and Taylor. 5,6 By neglecting any Z direction stresses, they
found it easier to characterize a planar orthotropic material. Instead of the
nine elastic constants required to characterize a three dimensional orthotropic
material, only four elastic constants (Cll, C2 2, C 12, and C66) are required to
characterize a planar orthotropic material.
Craver and Taylor developed the relationships for the three planar elastic
constants Ex, Ey, and Gxy in terms of the ultrasonic velocities. They used the
sonic moduli values of PVLx2 and PVLy2 as approximations to the values Ex and
Ey. Here the terms VLx and VLy represent the velocities of longitudinal waves
traveling in the X and Y directions, respectively, and p represents the apparent
density of the material.
The device which Craver and Taylor used to make their measurements was the
Morgan Dynamic Modulus Tester. 1 2 This consists of two bender type transducers
being placed against one surface of the sheet. The tips of these transducers
vibrate back and forth along a single line and this motion is coupled into the
sheet. A 10 kHz triangular shaped pulse is transmitted from one of the trans-
ducers and is received by the other transducer. The electronics of the system
measures the time delay between the sent and received signals. By measuring
these delays at different transducer spacings, it is possible to calculate the
velocity of the wave traveling in the sheet.
The motion of the transducers is polarized along one axis. By rotating the
transducers it is possible to transmit either shear or longitudinal waves in a
given direction. Propagation of these shear and longitudinal waves along the
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appropriate axis allows determination of all four planar ultrasonic elastic
constants.
Baum and Bornhoeft 7 also used the Morgan device to measure the in-plane
Poisson ratios for paper. In addition to the velocities measured by Craver and
Taylor, they also measured a shear wave at 45° with respect to the machine and
cross-machine directions. Using this velocity in conjunction with the other in-
plane velocities, they were able to calculate the in-plane Poisson ratios. They
found good agreement between the ultrasonically determined Poisson ratios and
those determined using a biaxial tensile tester.
Craver and Taylor5 also found a relationship between the elastic modulus
values measured ultrasonically and the elastic modulus and strength values
measured on a standard tensile tester. A similar correlation between ultrasonic
measurements and tensile measurements was obtained by Chatterjee.1 3 A theoreti-
cal explanation for this correlation has been presented by Waterhouse. 14 The
fact that a failure phenomenon such as tensile strength can be correlated with a
nondestructive elastic measurement is quite interesting. This result has
encouraged the development of an ultrasonic device to function as an on-line
measure of tensile strength.
Papadakis1 5 and Lu16 both describe a number of different untried methods
for performing on-line ultrasonic measurements. Luukkala et al.8 developed a
noncontacting method for producing plate waves in paper which might be used for
making on-line measurements. None of these devices have been tested on moving
webs.
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Baum and Habeger9 have reported good results from an on-machine device
developed at The Institute of Paper Chemistry. This device consists of ultra-
sonic transducers mounted in wheels which contact the moving sheet. Delay time
measurements are made for ultrasonic waves traveling in both the MD and CD
directions. Knowing that Cii = pVLi2, extensional stiffness is defined as ESI =
(caliper) Cii = (basis weight) VLi 2. By obtaining these velocities in addition
to the basis weight, it is possible to estimate the tensile strength of the
sheet from the on-line measurements.
Realistically, paper and paperboard cannot be considered planar materials.
Though paper is a thin material, it does possess a thickness dimension. In many
applications in the paper industry such as printing and converting, the Z direc-
tion properties have a large effect upon the end-use performance of the sheet.
A method for characterizing these Z direction properties would prove most useful.
Mann 2 was one of the first investigators to use ultrasonic techniques to
measure Z direction properties. He treated paper as a three dimensional
orthotropic material. To obtain the Z direction elastic properties, it was
necessary to measure the ultrasonic velocity of waves traveling in the Z direction
of the sheet. These measurements were obtained by placing an ultrasonic trans-
ducer on either side of the sheet and transmitting a sinusoidal wave pulse from
one of the transducers. The delay time for the wave to traverse the sheet was
measured. The caliper of the sheet was then divided by this delay time to yield
the Z direction velocity.
Mann needed to make three different velocity measurements in the Z direction;
one longitudinal velocity and two shear velocities. The shear wave displace-
ments were polarized to occur either in the X-Z plane or in the Y-Z plane.
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values for the constants Cl3 and C2 3. Mann also measured the longitudinal
velocities using a single layer method. He obtained bulk velocities from the
single layer method that were similar to the velocities obtained from the stacks
of sheets. The single layer method's main advantage was that it eliminated the
tedious task of constructing stacks of sheets.
Fleischman 1 7 also attempted to obtain values for C1 3 and C2 3. He tried to
measure the bulk wave velocities in his samples by using the single sheet method
developed by Mann. This technique yielded only limited success. Fleischman
concluded that accurate values for C1 3 and C2 3 could only be obtained by
constructing stacks of sheets.
Ultrasonic measurement techniques can be applied to paper and paperboard
materials. These materials behave as three dimensional orthotropic materials
and seven of the nine orthotropic elastic constants can be obtained experimen-
tally. We will now see that these elastic constants can also be used to predict
the plate wave behavior of the material.
THEORETICAL DISPERSION CURVES
Plate waves are dispersive waves which can propagate in materials such as
paper. This dispersive nature is a function of the elastic constants and
thickness of the material. This frequency-velocity function is not one smooth
curve, but rather a series of separate curves. Mann2 calculated these separate
dispersion curves for a sample of milk carton stock. The curves representing
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Figure 3. CD dispersion curves for Mann's2 milk carton stock sample.
Mann2 found that for each of the curves in Fig. 3, a different kind of dis-
placement was occurring in the sample. Plate waves on the SO curve induced sym-
metrical displacements in the sheet, while plate waves on the AO curve induced
antisymmetrical displacements. The other curves represented higher order modes
of displacements similar to either of the SO or AO curves. The S(n) curves
represented symmetrical displacements and the A(n) curves represented anti-
symmetrical displacements. Mann found the displacements which occur for these
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Figure 4. Plate wave displacements for various modes of the dispersion
curves as calculated by Mann2 .
Mann was one of the first investigators to study plate wave vibrations in
paper. He used a model18 which predicted dispersion curves for an orthotropic
material. From the bulk orthotropic elastic stiffness values, Mann was able to






With his model, Mann was able to observe how the various stiffnesses
affected the shape of the curves. In Fig. 3, the stiffnesses are shown in the
regions of the curves most affected by those particular constants. Here the
constants Cll, C3 3 , C1 3 , and C5 5 apply to a plate wave propagating in the X
direction of the sample, while the constants C22, C3 3 , C2 3 , and C4 4 would apply
to similar curves for a plate wave propagating in the Y direction of the sample.
The model used by Mann assumed that plate waves are actually a combination
of bulk waves traveling in the sample. As noted earlier, bulk waves are non-
dispersive. They travel through a volume of material at a velocity which is
independent of frequency. It might seem unreasonable to assume that these non-
dispersive waves could produce the dispersive behavior common to plate waves.
We will see how this dispersion occurs.
A rather interesting phenomenon takes place when a bulk wave impinges upon
a free surface of the material. Instead of the wave simply being reflected from
the interface, two waves are reflected. This phenomenon is known as mode con-
version. For example, say a longitudinal wave impinges on a surface of the
sample; instead of only a longitudinal wave being reflected, both a longitudinal
and shear wave are reflected from the interface. Similarly, when a shear wave
strikes a surface, both a longitudinal and shear wave are reflected. The only
time mode conversion does not occur is when the displacements of an incident
shear wave are parallel to the surface of the sheet. In this case, only the
shear wave is reflected.
In thin materials such as paper, multiple reflections occur at both sur-
faces of the sheet. A single bulk wave impinging on one surface of the sheet
will be converted to a large number of shear and longitudinal waves by these
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multiple reflections. It is possible that some combinations of longitudinal and
shear waves might produce interference patterns.
Mann's model 2 used an analytic technique known as the method of partial
waves. This method had previously been used by Solie and Auld 1 8 for studying
the plate wave behavior of plates with cubic symmetry. This method assumes that
a number of bulk waves propagate in the sample, and that these waves are coupled
by their reflections at the surfaces of the plate. The boundary conditions
assume that all normal and shear stresses at the surfaces of the plate equal
zero. The displacements of these bulk waves add constructively to yield the
displacements of the plate wave. For this kind of interference to occur, the
component of the individual wave vectors in the direction that the plate wave is
traveling must be equal to the wave vector of the plate wave.
Consider a plate wave propagating in the X direction of the sample. Four
bulk waves are chosen such that the X components of their wave vectors are the







Figure 5. Wave vectors for single layer plate wave model.
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To construct a plate wave traveling in the X direction we must first find a
solution to the equations of motion. From Kolsky,19 the general equations of
motion are:
d2U 1 d d d
2P 'dt2 ' dx O dy1 + '6 +zz 0 5 )d U2 d d d
dt2 d 6 + dy2 + 04 (30)
d2U 3 d
P -t2 = d-Tx 5 + dy 04 + d a3 (31)dt2 dx -) dy dz
3
Here U1, U2, and U3 represent the components of the displacement vector
u(U1, U2, U3 ) in the X, Y, and Z directions, respectively.
If the plate wave displacements are planar and are confined to the X-Z
plane, the displacements in the Y direction will equal zero. If all displace-
ments in the Y direction equal zero, all of the partials with respect to the Y
direction will also equal zero and the displacement equations become:
d2U1 d d
P _ _ = - a1 + - 5 (32)
dt2 dx dy
d2U3 dd
PTx d + d5 y 3(33)
If the generalized Hooke's law equations [Eq. (5)] are substituted into Eq.
(32) and (33), one obtains the equations of motion in terms of the elastic
stiffnesses and the strains. If the definitions of strains [Eq. (2)] are also





















Assuming plane wave solutions for these equations of the form:
U1 = U1A exp [i(KxX + KzZ - wt)]
U3 = U3A exp [i(KxX + KzZ - wt)]
Substituting these solutions into the equations of motion yields:
p UlA w2 = C1lUlAKx 2 + (C5 5 + C1 3 ) U3AKxKz + C55U1AKz
2
p U3A )2 = C55U3AKx 2 + (C5 5 + C1 3 ) U1AKxKz + C33U3AKz
2
Eliminating U1A and U3A gives:
(C5 5 + C13 ) 2Kx
2 Kz2 = (pw 2 -CllKx 2 - C55sK 2) (pw 2 -C55Kx2 - C33Kz2 )
The solutions to this equation are:
Kz2 2 [-B ± (B2 - 4D)1/2]K2 =




(2C5 5 + C13 )
-2
- c 5 5 w2iKi]







For any given value of wave number Kx and frequency w, four values of Kz


















layer. Two of these bulk waves are longitudinal waves, one propagating in the
positive Z direction and the other propagating in the negative Z direction. -The
two other bulk waves are shear waves, one propagating in the positive Z direction
and the other propagating in the negative Z direction.
The amplitude of the Z direction displacements can be related to the ampli-
tude of theX direction displacements. Taking Eq. (38) and (39) and solving for
the ratio of the amplitudes yields:
U3A (w2-CllKx 2 - C55Kz± 2 )
U3A = (w5-C~jK --- = tan + (44)
UlA (C5 5 + C13)KxKz+
We will use the terms tan++ and tan_- to designate the ratios which
correspond to positive and negative roots for Kz, respectively.
Plate wave solutions are chosen which are linear combinations of the four
solutions to Eq. (41). M, N, P, and Q designate the relative magnitudes of
these four waves. The assumed plate wave solutions are therefore:
ux = ei(kx
x-wt) (Meikz+z+Ne-ikz+z+Peikz-Z+Qe-ikz - z ) (45)
uz= ei(k x x - ~t) [tanc+(Meikz+Z-Ne-ikz+z) + tan4_(Peikz-Z-Qe-ikz-z)] (46)
If the caliper of the sheet is taken to be equal to T, then the surfaces of
the sheet are located at Z = ± T/2. The boundary conditions must require that
there is zero normal stress and zero shear stress at the surfaces of the sheet.
These boundary conditions are:
03 = C33--z + C13 ax = 0 (47)
auz- 3-x)
a5 = C5 5 ( + -- )= 0 (48)
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If the plate wave solutions are substituted into Eq. (47) and (48) for
Z = ± T/2, a series of four equations in four unknowns is obtained. In matrix
form, these equations are:
G+el/2ikz+T + G+e-1/2ikz+T + Gel/2ikz-T + Ge-1/2ikz-T -
G+e-1/2ikz+T + G+el/2ikz+T + G-e-1/2ikz-T + G-el/2ikz-T N
= 0 (49)
H+el/2ik+T - H+e-1/2ikz+T + Hel/2ikz-T - H_e-1/2ikz-T
H+e-1/2ikz+T - H+el/2ikz+T + He-1/2ikz-T - Hel/2ikz-T _
where
G+ = C33kz+tan>± + C13kx (50)
H+ = kz± + kx tan+± (51)
Nontrivial solutions exist if and only if the determinant of the matrix
equals zero. This requirement reduces to the equation:
[tan(l/2kz+T)/tan(1/2kzT)] = [H-G+/H+G-_]1 (52)
Equation (52) describes the dispersive behavior of plate waves traveling in
the sheet. Solutions of Eq. (52) are found for only specific values of Kx and w.
Since plate wave velocity equals w/Kx, these solutions are the combinations of
frequency and velocity found on the dispersion curves.
This was the method which Mann used to calculate the theoretical dispersion
curves shown in Fig. 3. He measured the elastic constants of the material using
ultrasonic techniques; he measured the caliper and basis weight of the sample;
and he supplied these values to a computer program which calculated the values
of frequency and velocity which gave solutions to Eq. (52). He then used these
points to plot the dispersion curves for the sample.
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Mann also measured the dispersion curves for his samples experimentally,
using a noncontacting technique originally developed by Luukkala, et al.8 This
method generates plate waves by impinging an ultrasonic plane wave upon the sur-





Figure 6. Plate wave resonance device.
Plate waves are generated as the transmitter and receiver are rotated with
respect to the sample. At some angle lmax and frequency a, a resonance may
occur within the sample. This resonance is detected by an increase in the
amplitude of the received signal. At resonance, the projection of the wave
fronts of the transmitted ultrasound propagates along the sample at the same
velocity as a plate wave propagating in the sample. Knowing the velocity of
sound in air and the angle (max, it is possible to calculate the velocity of the
plate wave at frequency w from the equation:
VelocityAir
Velocityplate Wave = Sin x(53)
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With these experimental values, Mann was able to test the predictions of
his model. For his milk carton stock, the agreement between the theory and the
data was quite good. However, for his linerboard samples, the results were not
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Figure 7. Dispersion curves for one of Mann's 2 linerboard samples.
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Upon investigation, Mann found that this linerboard sample was produced on
a two headbox paper machine. The sample was therefore not a homogeneous
orthotropic layer, but was rather a two layer composite material. Since Mann's
theory did not deal with such a composite, it is not surprising that this theory
did not fit his experimental results.
Shepardll was one of the first to attempt to calculate the dispersion
curves for a two layer composite. He attempted to model the plate wave behavior
of a coated paper. His theoretical model consisted of an isotropic layer of
material perfectly bonded to an orthotropic layer. He assumed continuity of
stress and strain across the interface between the two layers for these
"perfectly" bonded composites.
Shepard's model expanded upon the model of Mann. Plate wave solutions
similar to those in Eq. (45) and (46) were choosen for each of the layers in
Shepard's model. These solutions were:
UX = exp[i(KxX-wt.)] [Mexp(iKz+Z) + Nexp(-iKz-Z) +
+ Pexp(iKz+Z) + Qexp(-iKzZ)] (54)
Uz = exp[i(KxX-wt.)] [tan(+{Mexp(iKz+Z) + Nexp(-iKzZ)} +
+ tan4-{Pexp(iKz+Z) + Qexp(-iKzZ)}] (55)
U'X = exp [i(KxX-wt.)] [M'exp(ik'z+Z) + N'exp(-iK'zZ) +
+ P'exp(iKz+Z) + Q'exp(-iKz-Z)] (56)
U'z = exp[i(KxX-wt.)] [tan'++ {M'exp(iK'z+Z) + N'exp(-iK'zZ)} +
+ tan'(-[P'exp(iK'z+Z) + Q'exp(-iK'zZ)}] (57)
For the composite, Shepard let Z = 0 represent the interface between the
layers. Here the unprimed values refer to the orthotropic layer while the
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primed values refer to the isotropic layer. Z = g represents the top surface of
the orthotropic layer and Z = -f represents the bottom surface of the isotropic
layer. Shepard used the same four boundary conditions used by Mann and shown in
Eq. (47) and (48).
In addition to those boundary conditions, he also assumed continuity of
stress and strain across the interface between the two layers. These additional
boundary conditions are:
U1(X,O,t) = U1 '(X,O,t)







Here the definitions of a3 and 05 are the same as
and (48).
those given in Eq. (47)
By substituting the plate wave solutions into the boundary conditions,



























































































G+ = C33Kz±tan4± + C13Kx (63)
H+ = Kz± + Kxtant= (64)
G'+ = C'3 3K'z+tan'<± + C'13Kx (65)
H'+ = K'z± + Kxtan'±+ (66)
Shepard was unable to further simplify the dispersion relationship into an
algebraic equation. However, he was able to numerically determine the values of
velocity and frequency which made the determinant go to zero. By supplying the
model with the appropriate elastic constants for each of the layers, Shepard was
able to calculate the theoretical dispersion curves for a number of different
composites.
Unlike Mann, Shepard was only able to test the low frequency region of the
SO mode plate wave curve for his samples. Although good agreement between the
theory and the experimental data was found in this region of the curves, Fig. 7
shows that the main disparity for Mann's composite linerboard sample was found
in the fall-off region of the SO mode. Because Shepard was working with thin
samples, the fall-off regions of the curves fell at relatively high frequencies.
At these frequencies, it was impossible to obtain the plate wave data for his
samples. However, he was able to compare the fall-off regions calculated by his
model with the predictions of an impedance model.11 He found good agreement
between the fall-off regions predicted by these two different models. Although
Shepard's layered model appears successful, he was unable to fully test the
model against experimental data.
One of the objectives of this thesis is to develop a model to calculate the
dispersion curves for a composite constructed of two orthotropic layers. This
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model will be obtained by modifying Shepard's model. The theoretical dispersion
curves will then be compared with experimental data for actual two layer com-
posites.
THE BENDING OF LAYERED COMPOSITES
Many paper products can be classified as layered composites. Many board
grades produced today are formed on multiple headbox machines, often with dif-
ferent grades of pulp in each of the various layers. Coated papers might also
be considered as layered composite materials. The production of composite
materials will continue to grow in the years to come.
There are two principal motivations for manufacturing layered composites.
The first is to manufacture a product which either could not otherwise be pro-
duced or would be prohibitively expensive to produce as a single layer material.
The second is to use the layering process to optimize the properties of the
product to meet the requirements of a specific end-use application. In either
case, the ability to accurately characterize the properties of the layered com-
posite would be most beneficial.
The property of layered composites which has received the most attention
has been bending stiffness. From classical mechanics,2 0 one finds that the
bending stiffness for a composite beam is given by:
n
EIComposite = I EiIi (67)
i=I
The EiIi values for the individual layers are taken relative to the neutral
plane of the composite. When a beam is bent, part of the beam is in tension and
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part is in compression. Between these two regions of stress there lies a plane
of points which experience no stress. This plane is referred to as the neutral
plane (Fig. 8).
COMPRESSION- NEUTRAL PLANE Z
Iu !Z=O
-TENSION
Figure 8. The neutral plane.
The location of the neutral plane can be calculated from the equation:
Zc = [ZAi(Ei/Ei)Ri]/[EAi(Ei/Ei)] (68)
Here Ai is the cross-sectional area of the layer i, (Ei/El) is the ratio of
Young's modulus for the layer i to the Young's modulus of layer 1, Ri is the
distance (Z) the centroid of layer i is from the arbitrary reference point Z =
0, and Zc is the location of the neutral plane relative to the point Z = 0.
Here, layer 1 refers to the layer in the composite chosen as a reference value
for Young's modulus. Regardless of which layer in the composite is chosen as
layer 1, the value of Zc will remain the same. Although Eq. (67) and (68) are
quite simple, finding the location of the neutral plane of the composite and
calculating the individual layer moments is quite tedious.
Carlsson and Fellers2 1 reported a simplified method for calculating the
bending stiffness of layered composites. The bending stiffness value for the
composite, Sb, is obtained from the equation:
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B2
Sb = D -A (69)
Where:
n
A =I (EX)k (Rk-Rk-1) (70)
k=l
B 1 I (Ex)k (Rk-Rk-l) (71)
k=l
! n3
D = I E (Ex)k (Rk-Rk-1) (72)
k=l
The main advantage of Carlsson and Fellers' method for determining bending
stiffness is that it does not require the calculation of the composite's neutral
axis. The apparent difference between the units of Eq. (67) and (69) occurs
because Eq. (67) applies to the bending stiffness of a beam of finite width,
while Eq. (69) is derived from a planar bending model. This planar bending
analysis yields a bending stiffness which is normalized with respect to the
composite's width.
The bending model of Carlsson and Fellers yields the bending stiffness
values for composites under the conditions of pure bending. However, many of
the test methods for bending stiffness induce shear forces as well as bending
moments in the sample.2 2. 2 3 The results of these tests will not necessarily
follow the classical model for a beam in pure bending.
The four point bending test 2 4 ideally offers a bending test which is free
of shear stresses. Although a small shear load is induced into the sample by
the strain gage displacement measurement, this shear load is generally negligible.
The bending stiffness results obtained from a four point bending test may be




The goal of this thesis is to characterize layered composite systems. To
do this, a number of suitable paper composites must first be obtained. One
approach would be to select composites which are available commercially.
Although a large number of commercial samples are available, the construction
and properties of the individual layers of these composites are either unknown
or unsuitable for experimental work. A study of commercially available com-
posites would also present difficulties in characterizing the individual layer
properties. To obtain the single layer properties, the various layers of the
composite would have to be separated by some mechanical means. Separation of
the individual layers of a composite, without affecting the properties of the
layers, has proven a difficult task.2 5
The approach used in this work was to produce layered composites which
possess the desired characteristics. The composites could be constructed from
either two or three single orthotropic layers. The bonding between layers,
however, must be strong enough to ensure continuity of stress and displacement
across the interface.
To improve energy transmission when making plate wave resonance measure-
ments, it is desirable for each layer to have a low density. The energy of the
ultrasonic wave which can be transmitted between air and the sheet depends upon
the relative acoustic impedances of air and paper. The energy transfer between
two materials is greatest when the two acoustic impedances are nearly identical.
The energy transfer decreases as the differences between the two impedances
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increases. The acoustic impendance of a material is directly related to the
material's density.26 Air has a relatively low density and low acoustic impe-
dance. To efficiently couple the energy of an ultrasonic wave from air into a
sheet of paper, the sheet should therefore have a low density and a low acoustic
impendance.
The Institute's Formette Dynamique was selected as the means for producing
these layered structures. The Formette is a machine which produces oriented
handsheets by spraying a pulp slurry upon the interior of a rotating cylindrical
screen. By varying the pressure at the spraying nozzle and the rotational speed
of the screen it is possible to vary the degree of fiber orientation within the
sheet.
The elastic properties of the sheet change with fiber orientation. 17 The
anisotropy of the sheet, or the ratio of the MD modulus to the CD modulus, is
affected by the degree that the fibers are oriented to the MD of the sheet. As
the degree of fiber orientation increases, the anisotropy of the sheet also
increases. By altering the fiber orientation, therefore, it is possible to
alter the anisotropy of the sheet.
It is possible to produce two and three layer sheets directly inside the
Formette. However, as noted earlier, it is difficult to obtain the single layer
properties for these composites. Although the forming conditions for a single
layer could be matched closely to the forming conditions for one of the layers
in the composite, fines migration and differences in forming conditions might
alter the properties of the two sheets. Sheets with basis weights in excess of
400 g/m2 could not be formed using the Formette. Thus, since high basis weight
composites were of interest, no composites were actually formed within the Formette.
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Single layer oriented handsheets were produced using the Formette and por-
tions of these sheets were wet pressed together into layered composites. Each
single layer Formette sheet was cut into four 8 x 8 inch sheets. Two of these
pieces were wet pressed into layered composites and two of the sheets were
retained as single layers. Since the composites and single layer sheets were
pressed and dried under identical conditions, the single layer sheets should be
representative of the single layers within the composite.
Two dissimilar pulps were selected for producing the layered composites.
The first was a refined unbleached softwood kraft pulp (350 CSF) and the second
was a repulped newsprint furnish (180 CSF). The softwood kraft pulp was
obtained from Domtar as dry-lap market pulp. The newsprint was obtained from
the Appleton Post Crescent. Fiber analysis of the newsprint furnish revealed
that the pulp was 90% softwood and 10% hardwood and that the furnish had been
mechanically pulped. Since these pulps possessed different elastic properties,
they could be used to construct composites with significantly different layer
properties.
The first series of composites were two layer sheets. A 24 factorial
design was chosen as the basis for producing these sheets. All of the com-
posites were composed of the kraft layer (S) and the newsprint layer (G), with
two levels of basis weight and fiber orientation for each layer. The single
layers or composite sheets were stacked between blotters and pressed in a
Baldwin platen press at a pressure of 860 psi for twenty minutes. The pressed
sheets were then dried using the Institute's cylinder dryer. A listing of the
two layer sheets and their compositions appears in Table 1.
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Basis weight - High - 400 g/m,2 - Low - 200 g/m2
Orientation - High R n 2, - Low R m 1
A second series of two and three layer composites was also produced. As
before, single layer sheets were produced on the Formette, using the same two
pulp types. This time the kraft pulp freeness was 310 CSF and the freeness for
the newsprint was 240 CSF. Two different levels of basis weight and two levels
of fiber orientation were again selected for each pulp type. However, instead
of aligning the direction of orientation of each of the layers in the composite,
the single layers for the two different pulp types were cross laminated. The
machine direction for the newsprint furnish, for example, was aligned with the
cross direction of the kraft furnish. The purpose of this cross lamination was



















composite. The direction designated as the "machine" direction for these com-
posites was the one aligned with the machine direction of the kraft single
layers. These sheets were pressed at 625 psi for 20 minutes and then dried in
the Institute roll dryer. The pressing pressure was reduced to lower the den-,
sities of these sheets. A listing of the composition of all of these sheets
appears in Table 2.
Table 2. Composition of three layer 883 series of samples.
Layer 1
Pulp B. W. Anis.
T K H L H L
Layer 2
Pulp B. W.















































































































































Prior to testing, all of the sheets were conditioned at 15% RH for 24 hours
and then conditioned at 50% RH for 48 hours. The basis weight of the sheets was
determined by weighing the full sample size of the conditioned sheets. After
trimming, this sample size was 20.32 x 20.32 cm.
ULTRASONIC MEASUREMENT TECHNIQUES - ELASTIC CONSTANTS
Equations (20)-(28) show that the elastic constants of an orthotropic
material can be obtained by measuring specific ultrasonic velocities. Determin-
ing these velocities involves measuring the time it takes for an ultrasonic wave
to travel a given distance in the material. We will now discuss the equipment
and techniques required to make these "time of flight" measurements.
In-Plane Elastic Constants
The low frequency plate wave velocities are measured using the IPC ultra-
sonic modulus tester. 2 7 This device measures the time required for an ultrasonic
wave to travel between two points on the sample. Although a number of different
techniques have been used to obtain these time delays, the technique that is
currently being used at IPC2 8 is shown in Fig. 9. An Apple IIE computer is used
both to coordinate the testing procedure and to analyze the resulting data. For
each measurement cycle, the computer first triggers the function generator to
supply a single 60 kHz sinusoidal pulse to the middle transducer of the system.
The signal from one of the receiving transducers is amplified, digitized, and
sent back to the computer. The computer then signals the function generator to
send a second 60 kHz pulse to the sending transducer. The received signal from
the other transducer is then amplified, digitized, and sent to the computer.
The computer is programmed to allow enough time to elapse between pulses so that
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the reflections of the first signal do not interfere with the second pulse. A














Figure 9. The in-plane velocity measurement device.











Figure 10. Photograph of the in-plane velocity measurement device.
The computer does a cross-correlation between the two digitized signals and
calculates the delay time. All other delays due to the measurement system will
be the same for both signals and therefore will not affect the calculated delay
time. Knowing the delay time between the two signals (T), and the two trans-
ducer spacings (D1 and D2 ), the velocity is:
Velocity = (D2 - D1)/T (73)
This method for measuring velocities has a number of advantages. One
advantage is that the transducers always remain in fixed positions. Previous
measuring techniques involved different transducer spacings which required the
operator to physically move the transducers. This was time consuming and intro-
duced possible errors in the transducer spacing. Using fixed position transducers
allows the test to be performed more easily and reduces the chance of an error
in transducer spacing.
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Another advantage of this method is that it is easy to conduct signal ...
averaging at each test position on the sample. Instead of performing only one
velocity measurement, the computer can be instructed to perform a number of
tests at each position and then average the results. Since each test only takes
about one second, averaging several tests at each point does not require a pro-
hibitive length of time. This kind of averaging improves the cross-correlation
between the two averaged digitized signals and therefore improves the accuracy
of the delay time measurement.
The in-plane velocities are low frequency plate waves propagating within
the sample. The mechanical disturbance is produced using Pomona-Electronics
Model 3753 "bender" type transducers. The small, rounded tips of these trans
ducers essentially make point contact with the surface of the sheet. When the
transducers are positioned such that the motion of the tips are aligned with the
line between transducers, a longitudinal plate wave is propagated between trans-
ducers. When the motion of the tips is oriented perpendicular to the line
between transducers, a bulk shear wave is transmitted between transducers. This
same kind of test arrangement can be used to obtain the VSXy and VS450 velocities.
The in-plane shear plate wave velocities are the same as the velocities of
bulk shear waves propagating in the plane of the sheet. However, the in-plane
longitudinal wave velocities are for dispersive plate waves. The measurements
are-made at 60 kHz to ensure that these longitudinal velocities fall along the
low frequency plateau region of the SO mode, as shown in Fig. 3. Since the
plateau region of the curves is relatively flat, the measured velocities are
relatively insensitive to small changes in frequency.
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Out-of Plane Elastic Constants
When attempting to measure Z direction ultrasonic velocities, one must know
the caliper of the sample and the length of time required for the ultrasonic
wave to propagate through the sample. Ideally, these two measurements should be
made at the same time and at the same place on the sample. A device which will
make both measurements simultaneously has been developed at The Institute of
Paper Chemistry. The device which is shown schematically in Fig. 11, is basically
an IPC caliper tester in which the platens have been replaced with ultrasonic
transducers.
When using this arrangement to measure the Z direction longitudinal veloc-
ity, the two transducers are 5 MHz longitudinal transducers and the items
labeled "pillows" are actually pieces of soft rubber. The function generator
sends a short pulse of 1 MHz ultrasound to both the sending transducer and the
oscilloscope. The signal obtained at the receiving transducer is amplified and
sent to another channel of the oscilloscope. By comparing the signals on the
oscilloscope it is possible to determine the time delay of the received signal
with respect to the transmitted signal. The caliper of the sample is measured
at the same location as the delay time measurement. By dividing the caliper by
the delay time, one obtains the desired Z direction velocity.
There are delays in the measuring system other than the delay of the ultra-
sound traveling through the sample. These nonpaper delay times must be
subtracted from the measured values to obtain the delay times through the
sample. The most obvious method for obtaining these other delays would be to
measure the time delay obtained when no sample is placed between the transducers.
Unfortunately, this method cannot be used because the two soft rubber pillows
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deform differently when they are placed against one another than they do when
placed on either side of a sample.
The method used involves measuring the delay time of an ultrasonic wave
traveling through a thin piece of aluminum foil. The foil allows the soft
rubber pillows to deform against a rigid surface. Since the caliper of the foil
and the velocity of sound in aluminum are known, it is possible to calculate the
delay time through the foil. However, because the velocity of sound in aluminum
is very high and the caliper of the foil is quite low, it is often possible to
neglect the delay through the foil.
High frequency ultrasound is required to make accurate Z direction measure-
ments. A high frequency, short wavelength ultrasonic wave allows the first peak
of the wave to be transmitted cleanly through the sample without interference
from reflections from the sheet's surfaces. For this reason, the wavelength of
the ultrasound should always be shorter than the caliper of the sample. It
would appear that going to higher and higher frequencies would improve the
accuracy of the Z direction velocity measurements. However, there is an upper
limit to the frequencies which can be used. As the wavelength of the ultrasound
begins to approach dimensions of fiber width, scattering begins to take place
from the fibers in the sample and the signal is severely attenuated. For
typical paper systems, this usually occurs at frequencies around 1.5 to 2.0 MHz.
So far we have only discussed the longitudinal Z direction velocity
measurements. Shear measurements are made in a device which is very similar to
the device used for longitudinal measurements. The transducers used to make
shear measurements, however, vibrate in the plane of the paper, rather than per-
pendicular to the sheet. Rubber cannot be used as a couplant, because rubber
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does not transmit shear. No couplant is required for thick samples, but for
thin or very rough samples, a couplant is necessary.2 9 Fluid filled "pillows"
are employed. The basic arrangement of the device and the electronics for
handling the signals remains essentially the same as those shown in Fig. 11. A
photograph showing both the longitudinal and shear out-of-plane modulus testers







Figure 12. Photograph showing both the longitudinal and shear out-of-plane
velocity measurement devices.
The fluid filled pillows are used primarily to improve the shear coupling
between the sample and the transducers. Coupling shear waves into paper materials
has long been a problem when making Z direction velocity measurements. The hard
surfaces of the transducers simply do not transmit a large percentage of the
shear wave energy into the sample.
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The main advantage of using the fluid filled pillows is that the sample is
not contaminated with the coupling material. The pillows are constructed by
placing a known quantity of diluted polybutene oil between two films of poly-
ethylene and sealing the edges together. The coupling material does not come in
contact with the sample, but it still effectively couples the shear wave between
the transducers and the sheet.
With respect to normal time frames, polybutene behaves as a viscous fluid.
As the transducers are loaded, the polyethylene film conforms to the surface of
sample and the fluid flows to fill the many small depressions on the sample sur-
face. The film and fluid are therefore placed in intimate contact with the
sheet. By adjusting the viscosity of the polybutene, one can tailor the flow of
the fluid to the surface roughness of the sample.
At ultrasonic frequencies, polybutene behaves as though it were a solid,
providing an excellent shear couplant between the transducers and the sheet.
The fluid filled pillows therefore provide a good method for coupling shear
energy into the sample without contaminating the surface and possibly changing
the elastic properties of the sample.
The fluid filled pillows do present additional difficulties in measuring
path length and system time delays. Although more time consuming than the
methods used for the Z direction longitudinal measurements, the methods give
good results. The methods are described in detail by Wink and Habeger.29
We have discussed the methods involved for obtaining seven of the nine
orthotropic elastic constants. These measurements were performed on all of the
composite and single layer sheets described earlier. The elastic constants were
used in the orthotropic models to calculate the theoretical dispersion curves
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for the composites. We next discuss how the experimental dispersion curves were
obtained.
Plate Wave Measurement Device
One of the objectives of this thesis is to predict dispersion curves for
layered composites. To test the predictions it is necessary to have some
experimental technique for measuring the velocities of plate waves propagating
in the composites. Mann 2 modified a technique originally used by Luukkala,
et al.8 to obtain these velocities. The work described here improves upon
Mann's technique.
The device used for measuring plate wave velocities is shown in Fig. 13.
The main differences between this device and that used by Mann lie in the
ultrasonic transducers and the lock-in amplifier. Since Mann reported that air
currents had significant effects upon the measurements, the sample and trans-
ducer arrangement was enclosed within a glove box. A photograph of the plate
wave device appears in Fig. 14.
Figure 14 shows that the two transducers are not equal distances from the
sample. Ideally, the sending transducer should be located as far from the
sample as possible so that the incident waves are very nearly plane waves. Due
to attenuation of the ultrasound in air and the physical size of the glove box,
the distance between the sending transducer and the sheet was reduced to 12
inches. The distance from the sheet to the receiving transducer was only four
inches. Since the receiving transducer only measures the amplitude of the
signal, it is desirable to place it as close to the sheet as possible to reduce































































Figure 14. Photograph of transducer and sheet position for the plate
wave resonance device.
The transducers used were electrostatic transducers manufactured by the
Polaroid Corporation for use in their ultrasonic ranging cameras. These trans-
ducers were designed to operate within a narrow frequency range around 50 kHz,
but by modifying the backplates it was possible to increase the frequency range
to about 400 kHZ. This modification involved removing a spiral grooved back-
plate supplied by Polaroid, and replacing it with aluminum disks which were
roughened slightly by rubbing them with 400 grit Carborundum powder. The
modified transducers were quite stable and their response did not change with'
time. This stability was a considerable improvement over the electret trans-
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The operation of the plate wave device is quite simple. The frequency
synthesizer supplies a continuous sine wave signal to both the power amplifier
and lock-in amplifier. The amplified signal produces an ultrasonic wave at the
sending transducer which impinges upon the sample at an angle, *. The receiving
transducer picks up the transmitted signal and sends it to the lock-in
amplifier. The lock-in amplifier uses the signal from the frequency generator
as a reference and amplifies only that frequency in the received signal. A
major advantage of the lock-in amplifier is that it removes all extraneous
signals.
The amplitude of the received signal and the angle of the transducers is
recorded using the chart recorder. The angle of the transducers is obtained via
a calibrated potentiometer attached to the rotating transducer arm. Typical
chart traces for the received signal and potentiometer output are shown in Fig.
15. The angle *max is determined by comparing the location of the peaks in the
received signal with the potentiometer output.
Figure 14 shows that the potentiometer curve goes both up and down. The
resonance measurement is first performed as * is slowly changed from 70° to 10°,
and then is repeated as * is changed from 10° back to 70°. For each measurement,
therefore, two sets of resonance curves are obtained. The average of these
resonance values of * yield the values for *max.
Figure 15 shows two sets of resonance peaks. The outer peaks correspond to
a point on the AO mode dispersion curve, and the inner peaks correspond to a,
point on the SO mode dispersion curve. At low frequencies, only the AO mode
peaks will appear. As frequency is increased the SO mode peaks will begin to










move to higher values of 4 until they are nearly on top of the AO peaks. As
frequency is increased further, another set of peaks may appear at low values of
*. These peaks correspond to points on the Al mode dispersion curve. After
obtaining the values for *max, the velocities of the plate waves can be calcu-
lated from Eq. (53).
Plate wave measurements at frequencies higher than 300 to 350 kHz are
usually not possible due to the attenuation of ultrasound as it travels through
air. This frequency limitation makes detection of the fall-off regions of the
dispersion curves difficult. The "fall-off" regions of the dispersion curves
(see Fig. 3) occur when a longitudinal standing wave develops in the Z direction
of the sample. The frequency at which this standing wave develops is a function
of C3 3 and the caliper of the sample. As C3 3 increases, the "fall-off" frequency
also increases. Similarly, as the caliper of the sample decreases, the "fall-
off" frequency also increases. In order for the initial "fall-off" region of
the dispersion curves to be in the 100 to 350 kHz frequency range, the sample
should have both a high caliper and a low C3 3 stiffness.
The plate wave technique also has some velocity limitations, since from Eq.
(53) it is evident that the measured plate wave velocity can never be less than
the velocity of sound in air. A velocity of 1000 m/sec is the practical upper
velocity limit for this technique. Above this velocity, the transducers are
located almost perpendicular to the sample. At these angles sin( is nearly zero
and the resonance peaks become broad, making determination of the maxima dif-
ficult.
One method for improving the velocity range would be to use a gas other
than air. Since the sample and transducer arrangement was located inside a
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glove box to reduce the effects of air currents, introducing different gases
into the glove box did not require major alterations to the apparatus.
One problem in using gases other than air, however, is maintaining the
moisture content of the sample. A changing moisture content drastically changes
the elastic properties of the sample. Thus when using a gas other than air, the
gas was bubbled through a saturated salt solution to maintain a 50% RH level.
The gas within the glove box was also recirculated through the salt solution to
maintain this relative humidity and to improve mixing.
The first gas investigated was helium. Since the velocity of sound in
helium is approximately three times higher than in air, it seemed reasonable
that helium should increase the velocity range of the plate wave technique by a
factor of three. This was not the case, however, because even though the veloc-
ity of sound in helium is higher than in air, helium is much less dense. The
less dense helium was unable to transmit as much energy into the sample, and no
improvement in the upper velocity range was realized.
Freon was also tried in an attempt to extend the lower velocity range of
the technique. The measurements in freon did reproduce the velocity measure-
ments attained in air. However, since the low velocity plate waves for the
layered composites could be attained using air, no particular advantage was
obtained by making measurements in freon.
Mann observed that the received signal was significantly affected by air
currents. Several tests were conducted to determine the effect of air currents
on the plate wave measurements and it was found that the lock-in amplifier
eliminates these effects. The plate wave device, therefore, does not have to be
operated inside a glove box. Since air currents do not affect the measurements
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The STFI compression test requires samples which are 15 mm wide, and there-
fore the test specimen size was appropriate for this test. A problem did
develop for a number of the layered composites, however, in that the compressive
strengths for some of the composites exceeded the upper limits of the compression
tester. Several attempts were made to try to increase the range of the tester
without success. In order to measure the compressive strengths it was necessary
to decrease the specimen size to a 1.27-cm width. A number of tests were run on
both the 1.27-cm and 1.5-cm specimens. After correcting for the difference in
width, it was found that the compression values obtained were the same for both
test widths. The overloading problem did not occur for any of the single layer
samples, and these samples were all tested using the 1.5-cm specimen width.
The Taber stiffness values were also obtained using 1.5-cm-wide samples.
The Taber test is a cantilever beam bending test. Although the specimens tested
here are longer and narrower than the regular Taber sample size, it is easy to
calculate the bending stiffness values for samples of any size.
A main disadvantage of the Taber stiffness test is that it is not a pure
bending test. In addition to applying bending moments, a cantilever bending
test also applies shear forces to the test span. The resulting "bending
stiffness" is therefore the result of both bending moments and shear stresses.
To eliminate the shear effects, a four point beam bending apparatus was
constructed. This allows the center span of the sample to experience only pure
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Figure 16. Four point bending device.
This device was installed in an Instron Model 1125 with a "B" load cell.
The center span deflection was measured by the strain gage extensometer (Instron
number G-51-17-A) and the force F was measured by the load cell. From these two
values it is possible to calculate the bending stiffness value for the sample
from the equation:
El = F L2 a (74)
16 V (74)
El = bending stiffness, N-mm2
F = load measured on Instron, N
Y = displacement measured by displacement transducer, mm
L = 76.2 mm
a = 0.762 mm
The strain gage extensometer exerted a small load on the center span of the
sample. For the composite sheets, this load was negligible. Four point bending
measurements were not made on the single layer sheets, because for the lower
basis weight sheets this load was no longer negligible.
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THEORETICAL DISPERSION CURVES
One of the objectives of this thesis was to develop a method for predicting
the plate wave behavior of layered composite materials. The work of Mann2 and
Shepard3 provides the basis for developing such a method. Their models must be
modified and expanded to deal with two and three layered orthotropic composites.
The two layer orthotropic model can be obtained from Shepard's two layer
model.3 Shepard's boundary conditions were:
1. Zero normal and shear stresses at the surfaces of the composite.
2. Continuity of stress and displacement at the interfaces between
layers.
Shepard's model treats composites constructed from one orthotropic layer
and one isotropic layer. By altering the elastic constants, however, it is
possible to model a composite constructed from two orthotropic layers. Such a
theoretical model yields a series of eight equations in eight unknowns which are
identical to Eq. (62). As before, nontrivial solutions to these equations exist
only when the value of the determinant equals zero. By adding and subtracting
various rows and columns, the determinant of the matrix can be reduced to the
form shown in Fig. 17.
A numerical solution must be employed to determine the values of Kx and w
which make the determinant go to zero. Shepard used a search method which cal-
culated the value of the determinant for a grid of velocity and frequency values.
When the sign of the determinant changed between two adjacent grid points, the
determinantwas calculated for a point half way between the first two points.
This halving process continued for nine iterations. Since calculating the
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determinant for each grid point and each half step iteration requires a large
amount of computer time, other search methods were investigated.
\
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Figure 17. Determinant for a two layer composite.
The search method chosen basically traces the dispersion curves rather than
testing grid points (30). A linear search is initially made along the edges of
the frequency-velocity space. When the value of the determinant goes to zero at
some point, a search for a second zero point is initiated in the area
first point. Once two points have been established, a third point is
of the
sought
G+ 0 -o 0
/
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along the line of the first two points. This process continues tracing the
dispersion curve until the edge of the frequency-velocity space is encountered
again. The program then returns to the linear search until another dispersion
curve is found. The code for this search method appears in the computer program
listings found in Appendix IV.
This search method has two advantages over the grid search method. First,
it reduces the amount of computer time required by about a factor of three.
Second, it allows the low velocity regions of the dispersion curves to be cal-
culated at higher frequencies. In the low velocity and high frequency region of
the curves, the value of the determinant changes quite rapidly. Using the grid
search method, the value of the determinant calculated for the grid point is
often larger than the capacity of the machine. Using the tracing method, such
wide swings in the value of the determinant are eliminated.
An attempt was made to expand the two layer model to treat the loss of
bonding between the layers of the composite. In this case, instead of assuming
continuity of shear stress and shear displacements across the interface between
layers, the shear stresses at the interface were set equal to zero. The boundary
conditions of continuity of stress and displacement across the interface,
namely:
Ux = U'x (75)
and 05 = 0'5 (76)
are replaced by: 05 = 0 (77)
(78)o' 5 = 0
-60-
These two new boundary conditions yield the simplified determinant shown in
Fig. 18. The zeros of this determinant are found using the same search method
described above. The results are presented later.
/~~~~~~~ C'
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Figure 18. Determinant for a two layer composite with slip
between the layers.
So far we have only addressed dispersion curves for a two layer composite.
The next step is to develop a method for calculating the dispersion curves for a
three layer composite. The same basic boundary conditions will be assumed that





















The basic arrangement of the three layer composite and the relative Z
direction positions are shown in Fig. 19.
Z = C1 + C2 -- .......
^:::L  c2 __LAVER 1 ; -- CALIPER = CIZ = C2
.!:'i::'i LAYER 2 :: - CALIPER =C2
Z=O , .-..'.'.'.'.',
2= -C3 -, miiiiiiii.LAYER 3 .iii 4- CALIPER =C3
Figure 19. Construction of the three layer composite.
The value of Z = 0 has been arbitrarily assigned to the interface between
layers 2 and 3. Layers 1, 2, and 3 have calipers C1, C2, and C3, respectively.
All Z values other than Z = 0 are given in terms of the layer calipers.
For the sake of simplicity, let us consider a plate wave propagating in the
X direction of the sheet. (As noted earlier, the same procedure can be followed
to obtain the determinant for a plate wave propagating in the Y direction of the
sheet if the appropriate stiffness values are substituted.) Initially, this
three layer model follows the development of Mann's single layer model as shown
in Eq. (29)-(44). If we consider four bulk waves propagating in each of the
three individual layers, all twelve bulk waves must interact to produce a plate
wave in the composite. With this in mind, we now construct the assumed wave
equations. These are:
UX(1) = exp[i(KxX-wt)][Mlexp(iKZi+Z) + NlexP-iKzl_Z) +
+ Plexp(iKzl+Z) + Qlexp(-iKzl-Z)] (79)
UZ(1) = exp[i(KxX-wt)][tantl+[Mlexp(iKzl+Z) + Nlexp(-iKzi-Z) ] +
+ tanjl_[Piexp(iKzl+Z + Qlexp(-iKzl-Z)]] (80)
-62-
UX(2) = exp[i(KxX-wt)][M2 exp(iKz 2+Z) + N2exp(-iKz 2_Z) +
+ P2exp(iKz2+Z) + Q2exp(-iKz2-Z)] (81)
UZ(2) = exp[i(KxX-wt)][tanf2+[M2exp(iKz2+Z) + N2exp(-iKz 2-Z)] +
+ tan42-[P 2exp(iKz2+Z) + Q2exp(-iKz2_Z)]1 (82)
Ux(3) = exp[i(KXX-wt)][M 3exp(iKz3+Z) + N3exp(-iKz3-Z) +
+ P3exp(iKz3+Z) + Q3exp(-iKz3-Z)] (83)
UZ(3) = exp[i(KxX-wt)][tan%3+[M 3exp(iKz 3+Z) + N3exp(-iKz 3-Z)] +
+ tanO3-[P3exp(iKz3+Z + Q3exp(-iKz3-Z)]] (84)
These equations look very similar to Eq. (54)-(57). However, instead of
using primed and unprimed values (such as M and M') to distinguish between
layers, Eq. (79)-(84) use subscripted values (such as M1, M2, and M3 ) to
designate the values for a given layer.
Equations (79)-(84) must satisfy the boundary conditions of zero stress at
the surfaces of the composite and continuity of stress and displacements across
the interfaces between layers. There are twelve boundary conditions for the
three layer composite. These are:
AT Z = C1 + C2 a3(1) = 0 (85)
5s(l) = 0 (86)
AT Z = -C3 03(3) = 0 (87)
a5(3) = 0 (88)
AT Z = O Ux(2) = Ux(3) (89)
Uz(2) = Uz(3) (90)
a3(2) = a3(3) (91)
05(2) = 05(3) (92)
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AT Z = C2 Ux(1) = UX(2) (93)
UZ(l) = Uz(2) (94)
03(1) = a3(2) (95)
a5(1) = 05(2) (96)
Substituting Eq. (79)-(84) into these boundary conditions yields a series
of twelve equations in twelve unknowns. The matrix of these twelve equations is
shown in Fig. 20.
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Figure 20. Determinant for the three layer composite.
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The twelve equations have a nontrivial solution if and only if the deter-
minant equals zero. As with the two layer model, values of frequency and velocity
must be found which give the determinant a value of zero. To reduce the amount
of computer time required to calculate the determinant, it was simplified by
adding and subtracting various rows and columns. The reduced form of this
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Examples of these symbols are given below.
Gl± = [C3 3 ]]KZ1±][TAN1±] + C13Kx H2± = KZ2± + Kx[TAN2±] (97)
where KZ1± = KZ± for layer 1
KZ2± = KZ± for layer 2
TAN1± = tanS± for layer 1
TAN2± = tan+± for layer 2
These symbols represent the same kinds of quantities as the G± and H± in
Eq. (63)-(66). The only difference lies in the numbers used to designate the
layer number.
The search method used for the three layer model was the same as that
employed for the two layer model. As expected, the three layer model required
about twice as much computer time as the two layer model. Some reduction in
computer time can be obtained by increasing the spacing between points while
tracing the curves. If the spacing is made too large, however, the tracing
program can become "lost" and can begin following a different plate wave mode.
For the Burroughs 6900, the processor time required to calculate the three layer
dispersion curves generally ranged between 10 and 15 minutes.
We have developed methods for calculating the theoretical dispersion curves
for two- and three-layer composite systems. Earlier we described a method for
experimentally measuring the dispersion curves for these kinds of composites.




The results presented here are divided into three separate parts. The
first part is a comparison of the experimental dispersion curves with the pre-
dictions of the layered orthotropic models. The second part discusses relation-
ships between the ultrasonic elastic constants of the layers and the ultrasonic
elastic constants of the layered composite. Last, a comparison is made between
the single layer and composite sheet elastic constants and the other test results.
The ultrasonic velocity data and the corresponding elastic constants appear
in Appendix I. The data for the other measurements appear in Appendix II. The
plate wave resonance data and the corresponding theoretical dispersion curves
appear in Appendix III. The FORTRAN code for the two and three layer computer
models appears in Appendix IV.
As noted earlier, it is difficult to experimentally determine values for
C13 and C23 . For small values of these constants, the shapes of the dispersion
curves do not change significantly. A series of dispersion curves were produced
using different values for C13 ranging from 0 to 0.3 GPa. The shape of the
dispersion curves did not change significantly over this range of C1 3 values.
The one exception was C1 3 = 0, which produced problems in calculating the value
of the determinant. The values C1 3 = C2 3 = 0.03 GPa were chosen partly because
they were within the realm of values which did not change the shape of the
dispersion curves, and partly because for such small values of C1 3 and C2 3 the
low frequency SO velocities are nearly identical with the in-plane bulk velocities.
These C13 and C2 3 values were used to calculate all of the dispersion curves in
Appendix III.
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DISPERSIVE BEHAVIOR OF COMPOSITES
From the density data shown in Appendix I, it appears that the densities of
the composites are not equal to the densities calculated from the individual
layer properties. Though some differences are noted in the basis weight data,
the main reason for this difference in density is due to the caliper data. The
calipers of the composites are less than the sum of the calipers of the layers.
Due to the surface roughness of the layers, for hard platen caliper measurements
this result is not uncommon.3 1 The rubber platen caliper measurement3 2 ideally
should compensate for this surface roughness effect. For these particular
sheets, it appears that this roughness effect has not been completely eliminated.
Another possible explanation for some of the disagreement in the dispersion
curves is that the drying conditions for the composites and the individual
layers was not the same. The same drying tension was applied to both kinds of
sheets. Since the composites were higher basis weight sheets, it is possible
that they exhibited more shrinking during drying. If this is true, the basis
weight of the composites should be greater than the sum of the basis weights of
the individual layers. The data in Appendix I shows that this is not the case.
From the basis weight data it appears that the shrinkage which occurred during
drying occurred approximately the same for the composites and the single layers.
Figure 22 shows the densities of the composites plotted against the den-
sities calculated from the single layer properties. If the properties of the
individual layers were representative of the layers in the composite, all of the
points in Fig. 22 should fall along the one-to-one correspondence line.
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The data for the 1182 series of samples scatters on either side of the one-
to-one line. This scatter is mostly due to the large differences in densities
for the bleached kraft (S) single layers. As noted earlier, some of this dif-
ference in densities may be the result of the surface roughness of the samples.
Some of this density variation may also be due to the pressing conditions for
the samples. Although the sheets were all pressed under identical pressures for
a period of twenty minutes, if the basis weight of the sheet affected its
densification, some of the variation in densities may be due to this basis
weight effect. However, this basis weight effect does not explain the large
differences in densities for sheets of approximately the same basis weight, such
as Samples S1 and S3. It is possible that some of these differences may have
resulted from transferring the sheets from the Formette to the platen press or
from the platen press to the dryer. Although care was taken to handle the wet
sheets as carefully as possible, it is impossible to avoid producing some
stresses within the sheet.
Figure 22 also shows the density data for the 883 series of samples. These
data are less scattered than the 1182 data and they all fall above the one-to-
one correspondence line. The calipers for all of the 883 composites are less
than the sums of the calipers for the layers. As noted earlier, this result
would be expected if the rubber platen caliper device did not completely compen-
sate for the surface roughness of the single layers. This difference in caliper
would also be more noticeable for the 883 series of samples, since these samples
were constructed from a larger number of layers.
From the results shown in Appendix III, a comparison can be made between
the experimental dispersion curves and the theoretical curves obtained from the
layered orthotropic models. In general, the experimental data points agree
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quite well with the theoretical curves for both the two and three layer com-
posites. However, for some of the curves, this agreement is not as good. This
disagreement can be attributed to the differences in densities between the indi-
vidual layers and the composites.
As noted earlier, the caliper of the sample has a significant effect on the
fall-off regions of the dispersion curves. A higher caliper will shift the
fall-off regions of the curves to lower frequencies. Since the sum of the
single layer calipers is generally larger than the caliper of the composite, a
dispersion curve model using the single layer properties will calculate the
fall-off regions of the curves to fall at lower frequencies than a model which
uses the composite's properties. The two and three layer models will therefore
predict that the fall-off regions will occur at frequencies lower than those
predicted by a single layer model. For the experimental data shown in Appendix
III, the lower frequency fall-off regions obtained from the layered models fits
the data better than the single layer models.
The differences in densities also affect the low frequency plateau regions
of the SO and AO dispersion curves. Some of the deviations between the experi-
mental points and the theoretical curves in these regions may be explained by
differences in density. The composite properties which govern these regions of
the curves are either the basis weight or caliper average of the individual
layer properties. These averages will be discussed in detail in the next chapter.
Theoretical dispersion curves were calculated for the 1182 and 883 samples
in both the MD and CD. The sample TK7 was the only sample for which the disper-
sion curves could not be easily calculated. The values of the determinant were
such that the tracing search method became easily lost. It appears that the
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12 x 12 determinant for this particular sample is ill conditioned for solution
by the three layer theoretical model.
Because it is difficult to discuss all of the dispersion curves in Appendix
III, we will now limit our discussion to the samples TK3 and TK6. One reason
for selecting these two samples is that the density and caliper problems
discussed earlier are less severe. A second reason for selecting these samples
is that they are constructed from the same kinds of layers. The difference
between these samples lies in the arrangement of the layers. These samples will
therefore offer the opportunity to examine the effect of two and three layer
construction upon- the shape of the dispersion curves. They will also offer the
opportunity to compare the theoretical dispersion curves for single layer, two
layer, and three layer orthotropic models.
We will first look at the plate wave data for sample TK6CD. From Table 2
we see that sample TK6 is a three layer sample in which two of the adjacent
layers are the same. Therefore, although it was produced using three layers,
sample TK6 is really constructed as a two layer composite. The CD denotes that
the plate wave measurements were made in the cross direction of the sample.
Figure 23 shows the data for the sample TK6CD. The theoretical curve was
generated using the elastic constants of the composite in a single layer model.
By a single layer model we mean that the elastic constants of the composite are
measured as though it were a single layer sheet. These constants are used in a
single layer plate wave model, such as Mann's, to calculate the dispersion curves.
Figure 23 shows that the single layer theoretical curve fits the data fairly
well in the plateau regions, but it predicts a higher fall-off frequency region
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Figure 23. Dispersion curves for sample TK6CD using a
300.
single layer model.
Figure 24 shows the data for the same sample TK6CD plotted with the predic-
tions of the two layer orthotropic model. Here the constants for the individual
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generate the theoretical dispersion curves. The plateau regions for the layered
model still fit the data, but the layered orthotropic model does a much better
job in predicting the frequencies at which the "fall-off" regions occur.
DENSITY CALIPER C 2 2 C 3 3 C 2 3 C 4 4
(g/cm3) (mm) (GPa) (GPa) (GPa) (GPa)
LAYER 1 0.566 0.890 6.404 0.071 0.030 0.146
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Figure 24. Dispersion curves for sample TK6CD using a two layer model.
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Figure 25 shows the data for sample TK3CD. Table 2 shows that sample TK3
is constructed from the same layers as sample TK6, but that the layers in TK3
are arranged to yield a three layer composite. Figure 26 shows that a single
layer theoretical curve accurately predicts the low frequency fall-off region of
the curve and the plateau regions. However, the single layer model apparently
does not predict the higher order fall-off regions, as it does not account for
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Figure 25. Dispersion curves for sample TK3CD using a single layer model.
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Figure 26 shows the data for the same three layer sample TK3CD plotted
against the three layer orthotropic model, using the elastic constants for the
individual layers. The layered model accurately predicts the plateau regions
and the "fall-off" regions of the dispersion curves. The single pointat high
frequencies is accounted for in this case. It appears that an advantage of the
layered orthotropic model, over the single layer orthotropic model, for describ-
ing the dispersive behavior of layered composite materials lies in its ability
to predict the "fall-off" regions of the dispersion curves.
DENSITY CALIPER C2 2 C33 C23 C44
(g/cm3) (mm) (GPa) (GPa) (GPa) (GPa)
LAYER1 0.566 0.446 6.404 0.071 0.030 0.146
LAYER2 0.786 0.316 6.862 0.312 0.030 0.226
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Figure 26. Dispersion curves for sample TK3CD using a three layer model.
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It has been noted earlier that these fall-off regions in the dispersion
curves are determined by a standing wave developing within the Z direction of
the material. For single layer materials, the fall-off regions occur at
integral multiples of some frequency. At such frequencies integral multiples of
half wavelengths of the Z direction longitudinal wave "fit" within the thickness
direction of the material. For layered composites, one must also consider the
difference in acoustic impedance between layers and the resulting phase shifts
in waves crossing the interfaces. The fall-off regions for the layered composite
dispersion curves are determined by standing wave development in the Z direction
of the composite, but the frequencies at which these standing waves exist are
also determined by impedance differences between the layers. Therefore, for
layered composites, one would not necessarily expect these fall-off regions to
occur at integral multiples of frequency.
DISPERSION CURVES - THE EFFECT OF LAYER SLIP
In the preceding discussion it was noted that differences in acoustic impe-
dance between layers will affect the shape of the dispersion curve. The layered
orthotropic model assumes continuity of stress and displacement across the
interface between layers. For commercially produced composites it is unlikely
that these boundary conditions are always met. It is of interest, therefore, to
investigate how bonding between layers affects the shape of the dispersion curve.
In the general case of layer slip, the layers are neither totally bonded or
totally unbonded. In this case, a kind of "friction factor" might be used to
describe the bonding between layers. However, for this work, only the simple
condition of zero bonding between layers was investigated.
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As shown earlier in Fig. 17, it was relatively simple to incorporate
boundary conditions of zero shear stress at the interface between the two layers.
The theoretical dispersion curves from such a model are shown in Fig. 27. The
dotted line in Fig. 27 represents the dispersion curve predicted by the model
when there is no slippage (perfect bonding) between the layers. The difference
between slippage and no slippage appears only in the low frequency region of the
curves, below the "fall-off" frequency. The two models overlap in the other
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Figure 27. Dispersion curves for sample GS16CD, assuming slippage occurs
between the layers of the sample.
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For the unbonded model, the low frequency, high velocity plate wave mode
separates into two separate plate waves, one propagating in each of the layers.
The other regions of the dispersion curve are relatively unaffected by the lack
of interface bonding. These results are interesting, and seem to agree with
other experimental observations. For example, when measuring the in-plane
ultrasonic velocities of a material, one finds that the measurement is relatively
insensitive to the type of material used to back the sample. If two single
layer sheets are stacked together and the ultrasonic transducers are placed in
contact with the top sheet, only the velocity of the top sheet will be measured.
If the order of the sheets is reversed, the measured velocity will always be
that of the sheet contacting the transducers. The theoretical prediction for
two unbonded sheets, that the low frequency-high velocity plate wave modes
propagate independently, is in agreement with the above observation.
At higher frequencies (lower velocities) the curves remain unaffected by
the loss of bonding. These regions of the curves are determined by the velocity
of surface waves propagating in the layers.3 3 The displacements induced by
these surface waves are localized at the outer surfaces of the sheet. Since
these surface waves have little interaction with the interface between the
layers, it would appear reasonable that this region of the dispersion curves
would be little affected by the loss of layer bonding.
Figure 27 indicates that the "fall-off" regions of the dispersion curves
remain unchanged with a loss of layer bonding. It was noted earlier that the
"fall-off" regions of the curves occur when a longitudinal displacement standing
wave develops in the Z direction of the sheet. While the theoretical slip model
assumed zero bonding between layers, it did assume that the layers still
remained in intimate contact. The perpendicular Z direction displacements in
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one layer could therefore produce Z direction displacements within the other
layer. Under the conditions for a longitudinal standing wave produced in the
composite, one can visualize how the physical contact between layers might be
sufficient for the standing wave to exist.
The preceding discussion has dealt with the plate wave behavior of layered
orthotropic materials. Experimental data are still fairly difficult to obtain.
Because of the frequency and velocity limitations of the method, the plate wave
technique of Luukkala is most applicable to thick, low density materials. The
technique is, therefore, not applicable to a large number of commercial paper
and paperboard materials.
There are other ultrasonic measurement techniques. Ultrasonic measurements
of the elastic constants of a material have already found a fair amount of
application within the paper industry. In the next section we will discuss how
these techniques can be applied to layered composite materials.
ULTRASONIC ELASTIC CONSTANTS
As noted earlier, seven of the nine ultrasonic elastic stiffness values
were obtained for the single layer samples as well as for the composite sheets.
The ultrasonic velocity data and the resulting ultrasonic stiffness values all
appear in Appendix I.
When investigating the properties of layered composite materials, one is
interested in how the properties of the individual layers affect the properties
of the composite as a whole. In this discussion we consider the in-plane and
out-of-plane composite elastic properties separately. Let us begin by looking
at the in-plane elastic properties.
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The description presented here was originally developed by Habeger.3 4
Ci
We know that Vi2 = (98)
Pi
where Ci = stiffness of layer i
Pi = density of layer i
Vi = velocity of layer i
If Ti = caliper of layer i
then Vi2 CiTi extensional stiffness (99)
iTi basis weight
Consider a three layer composite (see Fig. 28).
basis weight, caliper
..----.- -.-..... . -  -..... - BW T 1
. . ... I' ^ ^ --- | | _ _B W 2, T 2
BW3, T3
Figure 28. A theoretical three layer composite.
total stiffness C1T 1 + C2T 2 + C3T 3
Composite total mass PITi + P2T2 + P3T3
V~2 V 1
2 Tliq + V2 2 T2 q2 + V3
2T3q3
composite = P1T + P2T2 + P3T3
(100)
(101)
Tip i = BWi
V2composite =
V12 BW1 + V2








The square of the in-plane velocity for each of the individual layers is
"basis weight averaged" to yield the square of the in-plane velocity in the com-
posite. We can experimentally determine whether this kind of averaging actually
occurs in layered composites.
Figure 29 shows the composite C1 1/p values plotted against the basis weight
average of the single layer values for both series of composites. Figure 30
shows the C2 2/P values for the same samples. The correlations in these figures
are for all of the data points from both data sets. As predicted, the data
points on these plots fall close to the one-to-one correspondence line. The in-
plane ultrasonic elastic properties seem to follow this kind of basis weight
averaging.
The same kind of basis weight average should work for the in-plane shear
stiffness values. Figure 31 shows the C66 /p values for the composite plotted
against the basis weight average of the values for the single layers. As with
the other in-plane values, the points fall near the one-to-one correspondence
line. Although a relationship does appear to exist, the data are quite scattered.
There is no apparent reason why the shear data should be more scattered than the
longitudinal data.
In this study, caliper was measured using rubber covered platens. The
rubber conforms to the surface of the sample and reduces the effect of surface
roughness on caliper. However, the rubber platen caliper device did not elimi-
nate this effect completely. The caliper data in Appendix I shows that the sum
of the single layer calipers is generally larger than the caliper of the com-
posite. This surface roughness effect is most evident for the 883 series of
samples, due to the larger number of layers and interfaces in these samples.
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---- regression line R 2= 0.74
--- - -one-to-one correspondence line /
/
* two layer sample















BW AVERAGE C 2 2 /P, km2 /sec 2
Figure 30. C2 2/P of the composite versus the basis weight average C22/P










- regression line R 2= 0.54
-one-to-one correspondence line
* two layer sample































BW AVERAGE c 66/P, km 2 /sec 2
Figure 31. C6 6/p of the composite versus the basis weight average C6 6/p














Now let us consider the Z direction properties. For an ultrasonic wave
propagating in the Z direction of a layered composite, the time it takes for the
wave to propagate through the composite should be equal to the sum of the times
it takes to travel through each of the layers. Therefore:
tcomposite = tl + t2 + t3 + *.. (103)
Since time is equal to distance over velocity (Ti/Vi),
Tcomposite T1 T2 + T3 + (104)Tr--*--- =-+ + + ... (104)
Vcomposite V1 V2 V3
Tcomposite
composite = T T2 T(105)
TI + + ...
V1 V2 V3
Figure 32 shows the composite out-of-plane longitudinal velocity versus the
caliper average of the single layer velocities. In these figures all of the
points fall quite close to the one-to-one correspondence line. There is also
less scatter than in the in-plane longitudinal velocity results. Part of this
difference is due to the out-of-plane results being velocities while the in-plane
results are velocity squared. Figure 32 shows that Eq. (105) accurately predicts
the out-of-plane longitudinal velocity for the composite.
Figures 33 and 34 show the composite out-of-plane shear velocities plotted
against the predictions of Eq. (105). This shear data are very scattered.
Although the data points fall near the one-to-one correspondence line, one can-














regression line R2= 0.98
- - -…-- - - one-to-one correspondence line
* two layer sample










PREDICTED (C 3 3 /p), km/sec
Figure 32. (C33/p)1/
2 of the composite versus the caliper average
(C33/P)1












regression line R 2= 0.45
one-to-one correspondence line
* two layer sample











PREDICTED (C 44 /p)½, km/sec
Figure 33. (C44/P)1/2 of the composite versus the caliper average
(C44/P)1/













regression line R 2= 0.28
-- - - - - one-to-one correspondence line
* two layer sample
























PREDICTED (C 5 5/p)½ , km/sec
Figure 34. (C5 5/p)1/
2 of the composite versus the caliper average
(C5 5/p)




Reduced bonding at the interface between layers might explain the large..
amount of scatter in the Z direction shear velocity measurements. Any dif-
ferences in layer bonding within the sheet will have a significant effect upon
the measured shear velocities. If the degree of layer bonding varied throughout
the sheet, this variation would induce scatter in the velocity data. Ideally,
one would like to characterize the properties of the interface at specific loca-
tions to account for these kinds of variations. At this time, no appropriate
technique is available for performing this characterization.
Summary
The elastic stiffnesses for the composite can be predicted from the elastic
stiffnesses of the individual layers via simple calculations. For the in-plane
values, C11 and C2 2, the results follow a basis weight average, while C3 3 obeys
a caliper type average. The shear values seem to follow similar trends (i.e., a
basis weight average for the in-plane value C6 6 and a caliper average for the
out-of-plane values, C44 and C5 5), but there is much more scatter in the shear
data.
ULTRASONIC AND MECHANICAL PROPERTIES
Tensile Strength
As noted earlier, Baum, et al.9 found an empirical relationship between
tensile strength and extensional stiffness. This relationship held for single
layer sheets. It would be interesting to see whether this relationship also
holds for our layered composite materials.
In the preceding section we found that the square of the velocity of an in-
plane longitudinal wave in the composite was linearly related to a basis weight
average of the single layer velocities squared. We might expect, therefore,
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that the tensile strength of the composite owuld also be related to a-basis
weight average of the single layer velocities. If so, we also might expect the
tensile strength of the composite to be proportional to the sum of the single
layer tensile strengths.
n




becomes TScomposite = X aiTSi (107)
i=l
where ai is the proportionality constant for each layer i.
If the proportionality constants, ai, were equal for all of the layers, the
tensile strength of the composite would just be the sum of the single layer ten-
sile strengths.
The above discussion suggests three specific questions:
1. Does the composite extensional stiffness correlate with the
composite's tensile strength?
2. Does the sum of the extensional stiffnesses for the individual
layers correlate with the composite's tensile strength?
3. Does the sum of the tensile strengths for the individual
layers equal the tensile strength of the composite?
For this discussion, the term "single layer model" will be used to describe
treating the layered composites as though they were homogeneous, single layer
sheets. The elastic and strength properties of the composites will be then
taken to be the properties of the composite as a whole. The term "layered
model" will refer to modeling the behavior of the composite as a function of the
individual layer properties.
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Figures 35 and 36 show the composite tensile strength plotted against the
composite extensional stiffness. A good correlation exists for both the machine
direction and the cross direction. In addition, within the 95% confidence
limits on the slopes, the machine direction and cross direction slopes are the
same. All of the MD and CD data would fall on a single straight line if plotted
together.
The next question is whether the sum of the single layer extensional stiff-
nesses correlates with the composite's tensile strength. Figures 37 and 38 show
the tensile strength of the composite plotted against the sum of the individual
layer extensional stiffnesses. As above, the data follow a linear relationship.
Comparison of Fig. 35 and 36 with Fig. 37 and 38 suggests that there is not much
difference in the fit of the data points. The tensile data for the composite
are described equally well in terms of either the composite extensional stiff-
ness or the sum of the individual layer stiffnesses.
Figures 39 and 40 show that the tensile strength of the composite also
seems to correlate with the tensile strengths of the individual layers for the
(two layer) 1182 series of samples, in both the MD and CD, respectively.
However, Fig. 41 and 42 show that such correlations were not found for the
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Figure 35. Composite MD tensile strength versus the composite MD extensional











COMPOSITE CD EXTENSIONAL STIFFNESS, kN/m
Figure 36. Composite CD tensile strength versus the composite CD extensional
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Figure 37. Composite MD tensile strength versus the sum of single layer MD
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Figure 38. Composite CD tensile strength versus the sum of single layer CD
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Figure 39. Composite MD tensile strength versus the sum of single layer









ZSINGLE LAYER CD TENSILE STRENGTHS, kN/m
Figure 40. Composite CD tensile strength versus the sum of single layer CD
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Figure 41. Composite MD tensile strength versus the sum of single layer









ESINGLE LAYER CD TENSILE STRENGTHS, kN/m
Figure 42. Composite CD tensile strength versus the sum of single layer
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Edge compressive strength or STFI compressive strength is an important
attribute of linerboard, since it can be related to box performance. Generally,
linerboard is also a two layered composite material, produced using multiple
headboxes. It is important, therefore, to investigate how the single layer
properties affect the compressive strengths of the composite. Figures 43 and 44
show the compressive strengths for the composites plotted against the sum of the
compressive strengths of the individual layers for the two layered 1182 series
samples. There is a very high correlation between these values in both the
machine and cross machine directions. The compressive strength of the composite
can be expressed as the sum of the compressive strengths of the individual layers.
Figures 45 and 46 show similar graphs for the 883 samples, in the MD and
CD, respectively. A relationship is apparent, even though these results show a
significantly larger amount of scatter. The cause of the scatter is unknown.
Figures 47 and 48 show the compressive strengths for the composites plotted
against the extensional stiffness values of the composites for both the MD and
CD, respectively, for both the 1182 and 883 data.
Figures 49 and 50 show the MD and CD compressive strengths, respectively,
of the composite plotted against the sum of the extensional stiffness values for
the individual layers in the composite. Again, the data fall along a straight
line. When these results are compared with those in Fig. 47 and 48, the
corresponding machine and cross machine direction plots appear almost identical
It would appear that either the layered model or the single layer model predicts
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Composite MD compressive strength versus the sum of single layer
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Figure 44. Composite CD compressive strength versus the sum of single layer
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Figure 45. Composite MD compressive strength versus the sum of single layer
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Figure 46. Composite CD compressive strength versus the sum of single layer
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Figure 47. Composite MD compressive strength versus composite MD extensional
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Figure 48. Composite CD compressive strength versus composite CD extensional
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Figure 49. Composite MD compressive strength versus the sum of single layer
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of samples.
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According to the model of Habeger, et al.,3 5 the compressive strength
should be related to the product of an in-plane and out-of-plane elastic param-
eter. For example, CD compressive strength would be related to the product
(ECDGcD-zD)1/ 2 , or (C2 2C4 4)1/
2. However, inclusion of the out-of-plane values
here did not improve the correlations.
Taber and Four Point Bending
As in the case of tensile and compressive strengths, our main concern here
is to determine how the properties of the individual layers affect the bending
properties of the composite. It is well known that the flexural rigidity of a
layered composite can be expressed as:
n
Elcomposite = I (EI)i (108)
i=I
where (EI)i is the flexural rigidity for layer i.
E is Young's modulus and I is the moment of inertia for the layer in question.
For layer i, the moment of inertia is taken with respect to the neutral axis of
the composite. It is of interest to see this equation holds for the Young's
moduli values determined ultrasonically.
Figures 51 and 52 show the Taber stiffness values for the composite plotted
against the EI value of the composite for the MD and CD directions, respectively.
A reasonably good correlation exists between these two values in the cross
machine direction, but the correlation is not as good in the machine direction
data. The probable reason for this difference is that the three-layer samples
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Figure 51. Composite MD Taber bending stiffness versus composite MD
flexural rigidity (E measured ultrasonically). Data for
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Figure 52. Composite CD Taber bending stiffness versus composite CD
flexural rigidity (E measured ultrasonically). Data for
both the 1182 and 883 series of samples.
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The differences in the scatter of data is most likely due to the relative
differences in these individual layer properties. If one investigates the com-
posite construction for each of the data points in Fig. 51, the data points
which deviate the farthest from the expected values belong to the three layer
composites. One might expect this kind of behavior in the three layer samples
because they would be the samples most likely to show an "I beam" effect, due to
the large differences in the properties of the layers which are located away
from the neutral plane. The flexural rigidity of a beam is most affected by the
properties of the layers located furthest from the neutral plane (i.e., the
layers with the largest I values).
It would appear that the bending properties of the three layer composites
could be accounted for by summing the EI values for each of the individual
layers. Figures 53 and 54 show the Taber stiffness values plotted against the
sum of the individual layer El values for the MD and CD directions, respectively.
The fit of the data is good in both cases. Comparing Fig. 53 with the results
in Fig. 51, the fit of the machine direction data has improved considerably. As
expected, a layered model predicts the bending behavior of the layered composite
better than a single layer model.
Figures 55 and 56 show the results for the four point bending tests. As
with the Taber stiffness values, the cross machine values exhibit a far better
fit than the machine direction values. The machine direction plots in Fig. 51
and 55 are practically identical.
Slope = 0.4973
Intercept = 6.689 x10-4
95% confidence limit
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Figure 53. Composite MD Taber bending stiffness versus the sum of single
layer MD flexural rigidity (E measured ultrasonically). Data
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Figure 54. Composite CD Taber bending stiffness versus the sum of single
layer CD flexural rigidity (E measured ultrasonically). Data
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Figure 55. Composite MD four point bending stiffness versus composite MD
flexural rigidity (E measured ultrasonically). Data for both
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Figure 56. Composite CD four point bending stiffness versus composite CD
flexural rigidity (E measured ultrasonically). Data for both
the 1182 and 883 series of samples.
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Figures 57 and 58 show the El values for the composite, measured using the
four point bending technique, plotted against the sum of the single layer El
values. As with the Taber stiffness data, the layered model improves the fit of
the machine direction data considerably. It appears that, at least forthe
three-layer composites, a layered model is required to satisfactorily describe
the bending behavior.
Examination of both the Taber and the four point bending data suggests that
a layered model is most desirable for describing the bending properties of a
layered composite material. However, it also appears that the cross machine
data could be described satisfactorily using a single layer model, at least for
the samples used here. Since one rarely possesses information about the
individual layers within a commercially produced composite, it is comforting
that the bending properties of many of the composites were accurately predicted
by a single-layer model. For the composites studied here, it appears that the
bending properties can be predicted from velocity data measured on the com-
posites. For composites in which one or more of the layers is some distance
from the neutral axis, as the differences between the properties of the
individual layers increase, the measured values of the composite's bending
stiffness will depart from the predictions of the composites ultrasonic data.
ZSINGLE LAYER MD FLEXURAL RIGIDITY, N-m 2 x102
Figure 57. Composite MD four point bending stiffness versus 7
MD flexural rigidity (E measured ultrasonically).
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Figure 58. Composite CD four point bending stiffness versus the sum of
single layer CD flexural rigidity (E measured ultrasonically).
Data for both the 1182 and 883 series of samples.
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SUMMARY
Correlations have been found between elastic constants which are measured
ultrasonically and a number of physical properties; namely, tensile strength,
compressive strength, and bending stiffness. In the case of tensile strength or
compressive strength, these correlations are not improved by using the individual
layer elastic constants. However, for bending stiffness, a layered model yields
the best correlation.
For ultrasonic measurement of tensile strength and compressive strength, it
is possible to treat a layered composite as though it were a single layer
material. Ultrasonic techniques used to measure these properties on-machine
should therefore need no special modification for use on layered composites.
Considering the difficulties involved in measuring individual layer properties,
the option to use a single layer approach is most appealing.
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CONCLUSIONS
Layered paper composites are often assumed to behave as homogeneous
orthotropic materials. Although this assumption serves as a useful approxima-
tion, it cannot yield a fair description of the material. To accurately charac-
terize a layered composite, the properties of the individual layers must be
known.
Two models have been presented for determining the elastic properties of a
composite from the elastic properties of the individual layers. The in-plane
elastic constants follow a basis weight average of the layers to yield the in-
plane properties of the composite, while the out-of-plane constants follow a
caliper average to yield the values of the composite. The longitudinal constants
(C1 1, C2 2, and C33) follow these models quite well. The shear constants (C4 4,
C5 5, and C6 6), however, do not fit quite as well. Either some additional factor
affects the measured shear constants in the composite, or the properties at the
interfaces between layers are somehow important.
Correlations exist between several physical tests and the elastic constants
determined ultrasonically. Tensile and compressive strengths are equally well
described by either single layer or composite models. Bending stiffness tests,
however, correlate better with the ultrasonic data when using a layered model.
The layered model apparently accounts for differences in the flexural rigidity
of the three layer samples due to layer composition and construction, whereas
the single layer model cannot account for these variations.
The plate wave resonance method for generating plate waves is not sensitive
to air currents if a lock-in amplifier is used. The plate wave resonance
device, therefore, no longer needs to be enclosed. Aside from making the plate
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wave measurements easier to perform, the lock-in amplifier may allow new appli-
cations for this measurement technique. One of these applications may be as a
noncontacting on-machine test method.
The theoretical layered orthotropic models developed in this study accura-
tely describe the dispersion of plate waves in the layered composites studied.
The models predict the location of the highly dispersive "fall-off" regions of
the dispersion curves better than the single layer orthotropic model developed
by others. The lack of bonding at an interface in the composite seems to affect
the low frequency SO region of the dispersion curve, but does not alter the low
velocity or fall-off regions of the dispersion curves.
-123-
ACKNOWLEDGMENTS
I would like to express my sincere thanks to my advisory committee of Gary
Baum and Chuck Habeger for their assistance and counsel throughout the course of
this work. I also wish to thank Fred Ahrens, who, until recently, was also a
member of my committee. These three gentlemen made this work both interesting
and enjoyable.
I would also like to thank The Institute of Paper Chemistry and its member
companies for their support of this research. I wish to thank all of the faculty,
staff, and students of The Institute of Paper Chemistry for their camaraderie.
friendship, and help.
I would like to thank my parents, Walter and Doris, for their support,
their love, and their encouragement to continue my education.
I especially wish to thank my wife Ronda for all of her help and support.
Without her faith and love, this work would never have been possible.
-124-
LITERATURE CITED
1. Carlin, B., Ultrasonics, New York, McGraw-Hill, 1949.
2. Mann, R. W. Elastic wave propagation in paper. Doctoral Dissertation,
Appleton, Wisconsin, The Institute of Paper Chemistry, 1978. 171 p.
3. Mann, R. W.; Baum, G. A.; Habeger, C. C., Tappi 62(8):115-18(1979).
4. Mann, R. W.; Baum, G. A.; Habeger, C. C., Tappi 63(2):163-6(1980).
5. Craver, J. K.; Taylor, D. L., Tappi 48(3):142-7(1965).
6. Taylor, D. L.; Craver, J. K., In Bolam's Consolidation of the Paper Web.
Vol. 2, p. 852-72. London, Technical Section of the British Paper and
Board Makers' Association, 1966.
7. Baum, G. A.; Bornhoeft, L. R., Tappi 62(5):87-90(1979).
8. Luukkala, M.; Heikkila, P.; Surakka, J., Ultrasonics 9(3):201-8(1971).
9. Baum, G. A.; Habeger, C. C., Tappi 63(7):63-6(1980).
10. Habeger, C. C.; Mann, R. W.; Baum, G. A., Ultrasonics 17:57-61(May, 1979).
11. Shepard, W., A-291 Research Topic. Appleton, Wisconsin, The Institute of
Paper Chemistry, 1980.
12. ASTM Standard F 89-68, Part 21, p. 345-51.
13. Chatterjee, P. K., Tappi 52(4):699-704(1969).
14. Waterhouse, J. The ultimate strength of paper. IPC Technical Paper Series
No. 146, Nov., 1984.
15. Papadakis, E. P., Tappi 56(2):74-7(1973).
16. Lu, M. T., Tappi 58(6):80(1975).
17. Fleischman, E. H. An investigation of the elastic and dielectric anisotropy
of paper. Doctoral Dissertation, Appleton, Wisconsin, The Institute of
Paper Chemistry, 1981. 155 p.
18. Solie, L. P.; Auld, B. A., J. Acoust. Soc. Am. 54:50(1973).
19. Kolsky, H. Stress waves in solids. Oxford, Clarendon Press, 1953.
20. Popov, E. P. Introduction to mechanics of solids. Englewood Cliffs,
New Jersey, Prentice-Hall, Inc., 1968.
21. Carlsson, L.; Fellers, C., Fiber Sci. Technol. 13(3):213(1980).
-125-
22. The Institute of Paper Chemistry, Testing-Stiffness, Project 1108-4,
Report Two, 1955.
23. TAPPI Standard Method T 535 pm-79.
24. The Institute of Paper Chemistry, Testing-Stiffness, Project 1108-4,
Report Four, 1959.
25. Baum, G. A., The Institute of Paper Chemistry, personal communication.
26. Gray, D. W., American Institute of Physics Handbook, McGraw-Hill, Inc.,
1957.
27. Baum, G. A. Procedures for measuring the in-plane orthotropic elastic
constants of paper using ultrasonic techniques. IPC Technical Paper Series
No. 119, Dec., 1981.
28. Habeger, C. C.; Van Zummeren, M. L. A cross-correlation technique for
velocity of sound measurements in planar materials, internal memo.
29. The Institute of Paper Chemistry. Ultrasonic velocity measurements in the
thickness direction of paper. Project 3467, Report One, Feb., 1984.
30. Jacoby, S. L. S.; Kowalik, J. S.; Pizzo, J. T. Iterative methods for non-
linear optimization problems. Englewood Cliffs, New Jersey, Prentice-Hall,
Inc., 1972.
31. Hardacker, K. W. The IPC paper thickness gage. IPC Technical Paper Series
No. 138, Jan., 1984.
32. Baum, G. A.; Wink, W. A., Tappi 66(9):131(1983).
33. Victorov, I. A. Rayleigh and Lamb waves. New York, Plenum Press, 1967.
34. Habeger, C. C., The Institute of Paper Chemistry, personal communication,
1984.
35. Habeger, C. C.; Whitsitt, W. J., Fiber Sci. Technol. 19:215-39(1983).
-126-
APPENDIX I
Appendix I contains the ultrasonic data for all of the single layer and
composite sheets. The caliper values presented here were obtained using the IPC
rubber platen caliper method.3 1 The column labeled "Composition" for the com-
posite sheets gives the single layer sheets used to construct the composite.
The "Basis Weight-Orientation" column for the single layers gives the basis
weight and orientation levels for the sheet. Further information regarding
sheet construction appears in Tables 1 and 2.
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Ultrasonic Velocities for the 1182 Series of Two Layer Samples
Single Layer Sheets - all velocities in km/sec
Basis Weight







































































































































































































































Elastic Stiffnesses for the 1182 Series of Two Layer Samples










































































































































































































































































































































































































































Ultrasonic Velocities for the 883 Series of Three Layer Samples
Single Layer Sheets - all velocities in km/sec
Basis Weight
Sample Orientation VLX VLY VLZ VSYZ VSXZ VSXY
2.914 2.846
3.451 2.276
0.314 0.604 0.630 1.717 1.697
0.343 0.588 0.788 1.680 1.678
2.996 2.749 0.322 0.540 0.564 1.761 1.742
3.315 2.401 0.353 0.508 0.616 1.704 1.727




3.461 2.616 0.603 0.614 0.666 1.805 1.793
3.227 2.946 0.614 0.605 0.640 1.847 1.866
3.457 2.730 0.630 0.582 0.670 1.849 1.835





















































































































































































Elastic Stiffnesses for the 883 Series of Three Layer Samples









Cll C2 2 C33 C44 C55 C6 6 C12
4.307 4.103 0.050 0.185 0.201 1.495 1.284
6.500 2.827 0.064 0.189 0.339 1.540 0.995
4.866 4.097 0.056 0.158 0.172 1.681 1.165
6.223 3.265 0.071 0.146 0.215 1.644 0.977
6.894 6.491 0.251 0.369 0.335 2.394 1.926





7.450 6.209 0.270 0.262 0.293 2.441 1.892
9.385 5.853 0.312 0.266 0.353 2.685 2.009



























































































































































Appendix II contains the tensile strength, STFI compressive strength, Taber
stiffness, and four point bending stiffness data for the single layers and com-
posites.
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1.879 62.09 0.975 2.234
1.523 44.15 1.833 3.343
2.404 63.33 2.442 3.300
2.090 39.71 1.078 3.167
2.479 52.20 1.510 3.508
1.612 44.78 2.641 3.724






- 47.73 0.783 2.298
1.579 28.82 0.498 2.055
1.187 40.27 1.546 2.616
1.088 33.70 1.531 2.875
-- 37.68 0.963 3.014
- 26.44 0.656 2.530
1.717 36.11 1.856 3.184



















































































































































































































































































































































































































































































































































































































































































Bending Stiffness Data for the 1182 Series of Samples







































































































Bending Stiffness Data for the 883 Series of Samples


































































































































Appendix III contains the plate wave data and theoretical dispersion curves
for the layered composites.
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SUM R2 = 0.0163
a













































































0.4801 11.219 0.738 0.00003
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7.487 0.132 0.00003 0.168
0.4801 11.219 0.738 0.00003 0.525
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0.2639 12.529 0.385 0.00003
SUM R2 = 0.1788
n i-I-- - 3 1
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SUM R2 = 0.3871
U
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SUM R2 = 1.3708
Ni
M.
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0.4801 12.140 0.738 0.00003

































































































Sample 1182 GS8 CD
DeknsitY, Caliper, C22 C33Ga 
C GP a
Deg/nCsi3 mm GPa GPa GPa
g/c®-3 mm 00.169
Layer 1 0.728 .5796 
4.064 0.169 0.00003 
0.169
Layer 2 1,089 04Layer 2 1.089 0.4801 12.140 0.738 
0.00003 0.453
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Sample 883 TK3 MD
Density, Caliper, C 1 1 C33 C13 C5 5
g/cm3 mm GPa GPa GPa 
GPa
Layer 1 0.566 0.4450 3.445 
0.071 0.00003 0.146
Layer 2 0.785 0.3158 9.394 
0.312 0.00003 0.353






0 ~ oo. roo oo.FR (KH__))
UJ -* 800f 't00, o00.. oo 0
FREQUENCY (KHZ)
Sample 883 TK4 MD
Density, Caliper, C1 3 Cg/cm
3 mm1 C3  C 1 D55g/cm3rmm GPa GPa CPa GPaLayer I 0.785 035pa 
GPaLayer 1 0.785 0.3158 9.394 0.312 0.00003 0.353Layer 2 0.566 0.4450 3.445 0.071 0.00003 0.146Layer 3 0.785 
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Sample 883 TK12 MD
Density, Caliper, Cll C3
3 C13 C55
g/cm3 mm GPa 
GPa GPa GPa
Layer 1 0.785 0.3158 
9.394 0.312 0.00003 
0.353
Layer 2 0.542 0.4538 
4.381 0.056 0.00003 
0.158
Layer 3 0.566 0.4450 





1 UU . cE
FREQUENCY
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Appendix IV contains the FORTRAN code for the two computer programs,
RETRACE2 and RETRACE3. RETRACE2 calculates the dispersion curves for a two













10oc C- THE PROGRAM RETRACE2 CALCULATES THE DISPERSION CURVES FOR A TWO
11CO C- LAVER COMPOSITE MATERIAL CONSTRUCTED FROM TWO ORTHOTROPIC LAYERS.
1200 C- THE LAYER CENSITIES (ARHO AND BRHO) ARE ENTERED IN G/MM3. THE
13CC C- LAVER CALIPERS (AZ AND BZ) ARE ENTERED IN HM. THE ELASTIC
14CO C- CONSTANTS (AC11,AC33,...BC13,BC55) ARE ENTERED IN GPA X 10-3.
15CO C- THE FROGRAM FINDS THE DISPERSION CURVES BY FIRST FINDING A
16GO C- POINI ON ONE OF IHE CURVES, AND THEN TRACING THE OTHER POINTS
17CO C- ON THE CURVE. THE CURVES ARE OBTAINED IN THE REGION OF
1800 C- VELOCITIES BETWEEN 0.2 AND 3.5 M/SEC AND FRECUENCIES BETWEEN
1900 C- 0.2 AND 3.5 KHZ. THE POINTS ON THE CURVES ARE LOCATED BY
2000 C- FINDING THE VALUES OF FREQUENCY AND VELOCITY WHICH SET THE
2100 C- DETERMINANT EQUAL TO ZERO.
22CO C- EPS= THE TOLERANCE ON THE ANGLE THETA
23CO C- THSP= THE INITIAL ANGLE SEARCHED RELATIVE TO THETA
24CO C- STEP= THE STEP LENGTH (RADIUS OF SEARCH ARC)
25CO C- AFTER FINDING A POINT ON THE CURVE, THE PROGRAM SEARCHES FOR
26CO C- THE NEXT POINT ALONG AN ARC CF RADIUS "STEP". THE VALUES OF THE
27CO C- DETERMINANT ARE CALCULATED AT THREE ANGLES (THETATHETAPTHETAN).
28CO C- THE SEARCH ROUTINE FINDS THE ANGLE WHICH MINIMIZES THE
2900 C- DETERMINANT.
30CO COMPLEX DETERM
3100 COMMON ARHOAZAC1 AC33*AC13,AC55,C
z200 COMMON BRHOBZGBCIIBC33,BC13,BC55
3300 C- READ INPUT CATA











46CO C- FIND POINTS ON THE CURVES NEAR THE VELOCITY AXIS










57CO IF(C.LE.C.O) GO TO 3C
58CO C- HAS A MINIMUM IN CETR ON CETI BEEN REACHED
59CO IF((TTPRI.LT.DETR).AhC.(TMPR1.LT.TMPR2)) GO TO 3
6000 IF((ABS(TMPI1).LT.AB8(DETI)).AND.(ABS(TMPII).LT.ABS(TMPI2)))
-210-
6100 - GO TO 3
6200 C- HAVE DETR OR OETI CHANGED SIGN
63C0 IF((OETReTMPR1).LT.C.C) GO TO 3
64C00 IF((DETI*TPI1).LT.O.C) GO TO 3
65CO GC TO 5
6E0C 3 N=N*l
6700 C- INITIAL FOINT A,8
68CO F(N)=A
69CO V(N)= e





75CO C- IF CURVE TRACES BACK ON ITSELF, STOP SEARCH ROUTINE
7600 IF(COS(THETA).LT.-0.05) GO TO 5
7700 C- IS THE ESTIMATE OF THE ANGLE CLOSE ENOUGH
7800 200 IF(C(HETAP-THETAN).LE.EPS) GO TO 600













92CO IF(VAL.G1.VALN) GO TO 300
9300 IF(VAL.G1.VALP) GO TO 400


















11200 GC TO ZOO







12000 C- IS THE NEW POINT kITHIN THE SEARCH AREA
121CO IF(FREC.GT.3.5) GO TO t
122CO IF(FREC.LTO.00) GO TC 7
-211-
IF(VEL.GI.4.0) GO TO 7









C- SEARCH FOR A CURVE AT VELOCITY 3.5 M/SEC
C- FREOUENCY 0.2-3.5 KHZ



















IF(COS(THETA).LT.-0.3) GO TO 15













IF(VAL.GT.VALN) GO TC 1300
IF(VAL.GI.VALP) GO 10 1400
























































































19500 IF(FREG.GT.3.5) GO TO 17
15600 IF(FREC.LT.O.0) GO TO 17
19700 IF(VEL.GIo4.0) GO TO 17
198CO IF(VELoLl.O.O) GO TO 17







2C6CO D00 16 I=SIN
2C7CO C- ifiITE THE POINTS AND INPUT DATA TO OUTPUT FILE
2C8CO 16 MRITE(2,2000) F(l).V(I)
20900 WRITE(2.700) ARHO.AZPACllAC33P AC13PAC55
21000 WRITE(2.700) BRHO.BZEBCl IBC33.BC138C55
211GO STOP
212CO END
21250 C- CALC CALCULATES THE VALUE OF THE DETERMINANT
21300 SUBROUTINE CALC(ADETERN)




218CO DIMENSION CA(8)PZ(8) A(8r8)
219CO K=2
220CO L=l
22100 1 00 2 I=L,8
22200 2 CA(I)=CDABS(A(I,L))
22300 3 IF(CA(L)) 9,4-9
22400 4 h=Lo1
22500 D00 8 X=M8
226CO 5 IF(CA(X)) 6p8.6




231C0 GO TO 9
23200 8 CONTINUE
23300 OETERM=(O.O0O.O)
23400 9 CO 10 I=¶.8
23500 RATIO=A(IL)/A(LpL)
236CO D 10 J=%N8




24100 GO TO 1
242CO 12 DETERf=(lpO)





247CO C- DIP CALCULATES THE VALUES OF THE ELEMENTS OF THE
24800 C- MATRIX
249CO SUBROUTINE DISPO(ETEfirFREQ VEL)
250CO ILPLICIT COMPLEX(G-HT,Z)
251C0 OIMENSION A(<68)





257CO 00 25 I=IP8




















278CO IF(KZAP.EQ.O.O) GO TO 10
279CO IF(KZAN.EQ.0.O) GO TO 10
2eOCO IF(KZBP.EQ.0.0) GO TO 10
2e100 IF(KZEN.EQ.O.O) GO TO0 10
282CO TANAP=C(AHO*I**2-ACIl*KX**2-AC55*KZAP**2)/
283CO -((AC55*AC13)*KX*KZAP)

































































IOC1 C- THE PROGRAM RETRACEZ CALCULATES THE DISPERSION CURVES FOR A 3
10C2 C- LAYER COMPOSITE MATERIAL CONSTRUCTED FROM 3 ORTHOTROPIC LAYERS
10C3 C- THE LAYER CENSITIES (ARHO,8RHO.CRHO) ARE ENTERED IN G/MH3. THE
10C4 C- LAYER CALIPERS (AZBZCZ) ARE ENTERED IN MM. THE ELASTIC
1OC5 C- CONSTANTS (ACllAC33,...CC13,CC55) ARE ENTERED IN GPA X 10-3.
10C6 C- THE PROGRAM FINDS THE DISPERSION CURVES BY FIRST FINDING A
1007 C- POINT ON ONE OF THE CURVES, AND THEN TRACING THE OTHER POINTS
1008 C- ON THE CURVE. THE CURVES ARE OBTAINED IN THE REGION OF
10C9 C- VELOCITIES BETWEEN 0.2 AND 3.5 M/SEC AND FREQUENCIES BETWEEN
1010 C- 0.2 AND 3.5 KHZ. THE POINTS ON THE CURVES ARE LOCATED BY
1011 C- FINDING THE VALUES OF FREQUENCY AND VELOCITY WHICH SET THE
1012 C- DETERMINANT EQUAL TO ZERO.
1013 C- EFS= THE TOLERANCE ON THE ANGLE THETA
1014 C- THSP = THE INITIAL ANGLE SEARCHED RELATIVE TO THETA
1015 C- STEP= THE STEP LENGTH (RADIUS OF SEARCH ARC)
1016 C- AFTER FINDING A POINT ON THE CURVE, THE PROGRAM SEARCHES FOR
1017 C- THE NEXT POINT ALONG AN ARC OF RADIUS "STEP". THE VALUES OF THE
1018 C- DETERMINANT ARE CALCULATED AT THREE ANGLES (THETA,THETAP.THETAN).





1350 C- READ INPUT DATA














275C C- FIND POINTS ON THE CURVES NEAR THE VELOCITY AXIS











3550 IF(CLE.CoO) GO TO 6
3560 C- HAS A MINIMUM IN CETR OR CETI BEEN REACHED
35EO IF((lrPRI.LT.DETR),.NO.(TMPRI.LT.TMPR2)) GO TO 3
355C IF((AES(TMPIl).LT.AES(OETI)).ANO.(A9S(TMPII).LT.ABS(TMPI2)))
3555 - GO TC 3
3598 C- HAVE OETR OR DETI CHANGEC SIGN
36CC IF((OETR*TMPR1).LT.C.C) GO TO 3
3650 IF((OEIIoTKPII).LT.C.C) GO TO 3
37CO GO TO 5
39C0 3 h=N41








4550 C- IF CLRVE TRACES BACK ON ITSELF - STOP SEARCH ROUTINE
46CO IF(COS(THETA).LT.-O.3) GO TO 5
4650 C- IS THE ESTIMATE CF THE ANGLE CLOSE ENOUGH
4700 200 IF(CIHETAP-THETAK).LE.EPS) GO TO 600
48CO L=Ll41
49CO IFL.GlToPAx) GO TO 60E













62CO IF(VAL.GT.VALN) GO TO 300
63CO IF(VAL.GI.VALP) GO TC 400


















E2CO GO TO 200










9050 C- IS THE NEW POINT hITHIN THE SEARCH AREA
9100 IF(FREC.GT.3.5) GO TO 7
52CO IF(FREC.LT.0.0) GO TG 7
93CO IF(<VEL.G1.4.0) G TOTO 7
94CO IF(VEL.LI.O.0) GO T 71








1C150 C- SEARCH FOR CURVE AT VELOCITY 3.5 M/SEC
iC160 C- FREQUENCY 0.2-3.5 KHZ
10170 C- SEARCH ROUTINE IS THE SAME AS ABOVE



















12100 IF(COS(THETA).LT.-0.5) GO TO 15
12200 1200 IFC(THETAP-THETAN).LE.EPS) GO TO 1600
12300 L=L*1













137CO IF(VAL.GI.VALP) GO TC 1400
138CO IF(VAL.GI.VALN) GO TO 1300


























IF(FREQ.GTo3.5) GO TO 17
IF(FREG.LT.OO.) GO TO 17
IF(VEL.GT.4.O) GO TO 17


































































































2C3CO GO TO 9
2C4C0 8 CONTINUE
2C5CC DETERM=(C.O0O.O)
2C6C0 9 00 10 I=K12
2CTCO RAIIO=A(I,L)/A(LL)





213CO GC TO I
214CC 12 OETERt=<1,0)















228CO DO 25 I=1,12



























256C0 [F(KZAP.EQ.O.0) GO TO 10
257CO IF(KZAN.EO.O.O) GO TO 10
25800 IF(KZBP.EQ.O.O) GO TO 10
259CO IF(KZBN.EO.O.O) GO TO 10
26000 IF(KZCP.EQ.O.O) GO TO 10




264C0 TANAN=( ARHO*Wd**2-ACII*KX**2-AC55*KZAN* *2)/
265C0 -(CAC55*AC13)*KX*IKZAN)
266CC TANEJP=(BRHCeWae2-BC1 1*Kx*.2-EC55*KZBP**2 )/
267CO -(CCC554BC13 )*KX*KZBP)
26800 TAN8N=(ERHOeWo*2-BC11*KX**2-EC55*KZBN**2)/




















































320CC A(6.9)=2. 0 GCP































351CC GO TO 20
352CC 10 C=0.0
353CC 20 RETUR~N
354C0 END
